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ABSTRACT

This report contains a description of a general purpose, 6-degree
of freedom terminal homing missile simulation. The program uses .
quaternions for the coorcinate transformations and features the use
of subroutines to enter seeker, autopilot, aercdynamic, and wind models.
The program is written in FORTRAN,
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Section | INTRODUCTION

1.  Purpose of Proggam

The General Purpose, 6-Degree of Freedom Terminal Homing
Missile ®immlation Program is a FORTRAN program designed to simulate
the dynamice of terminal homing missile systems with a maximum degree
of flexibiility. The flexibility is achieved through the use of user
supplied subprograms which are used in conjunction with the main
program. -

The program uses quaternions, as opposed to Euler angle rotations, .
to generate the coordinate system transformations. The quaternion ) i

approach is as accurate as the Euler angle approach1 and has the advan- .
tage of avoiding ''gimbal lock" which may be encountered in some cases -
with Euler angle rotations. The quaternions do not need FORTRAN SIN

or COS routines in the computation of the transformations matrices which
results in a potential savings in the computation time.

[N
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2. Assumptions

The airframe is assumed to be a rigid body and aerocelastic
effects are not included.

ralage

*,
2

X

=

The airframe is assumed to have a plane of mass symmtry coinciding 3
with the vertical plane of reference (plane defined by the missile x and 3
z axes in Figure 1). The y-axis is therefore a principal axis and the 3
products of inertial Ixy and Ivz vanish. Thus, if mass asymmetries are §

to be simulated, the xy-plane must be used (xz plane must be a plane
of symmetry).

A flat nonrotating earth with constant gravity is assumed.

3. Coordinate Systems Used by the Fregram

The program uses two coordinate systems. The zarth fixed
(inertial system) and the missile body-axis system. The earth fixed
coordinate system is assumed to be fixed to a flat earth with the z-axis
of a right hand coordinate system pointing down. The missile body-axis
system is a right hand coordinate system with the x-axis aligned with
the longitadinal axis of the missile. The coordinate system is fixed
to the missile and rolls with it. The relationship between the earth

1Robi-eson, A. C., On the Use of Quaternions in Simulation :f Rigid
Body Mction, WADC TR 58-17, December 1958.
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X)YZ - EARTH SYSTEM AXES
xyz - BODY AXIS SYSTEM AXES

X,Y'Z° - INTERMEDIATE AXES !" ROTATIONAL SEQUENCE

Figure 1. Relationship Hetween the Earth and Body-Axis Systems

fixed and body-axis systems is given in Figura 1 in terms of Euler
angles. However, Euler angles are not used in the computational
structure of the program except for tlie initial conditions and when

Euler angle printout is salected as part of a standard printout
opticn (Section V).

4.  Six Degrees of Fresdom in the Simulation

The 6 degrees of freedom of the airframe consist of three
translations along cthe inertial X, Y, and Z axes (earth fixed system)
and three rotations about the body-fixed x, y, and z axes. The rota-
tions are expressed by the quaternion e + ie, + je2 + ke3.

(Appendix A contains a discussion of quat~erpions.)
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Sectivn I} EQUATIONS USED BY THE PROGRAM

Vatiable List

The following is a list of variables which are used in the

equations in the simulation along with their corresponding FORTRAN
program variable name.

EQUATION VARIABLE FORTRAN VARIABLE VARTIABLE DZFINITION
a, A(l) Elemant of the coordinate
tcansformation matrix
! a2 A(2) Element of the coordinate
i . transformation matrix
! a, A(3) Element of the coordinate
§ transformation matrix
% N ALF4 Angle of attack in the pitch
f g plane
: b1 A(%) Element of the coordinate
“ i trans formation matrix
g b2 A(5) Element of the coordinate
t ; transformation matrix
{
} g b3 A(R) Element of the coordinate
! ) transformation matrix
£ BETA Angle of attack in the yaw
plane
i c, A(T) Element of the coordinate
: - transformation matrix
% cy A(8) Element of the coordinate
transformation matrix
3 A(D) Elenert of the coordinate
transfoermation matrix
31 DP1 Wing deflection fin 1 (pitch)
o DY2 Wing deflec*ion fin 2 (yaw)
"3 DP3 Wing deflection fin 3 (pitch)
i 4 DY4 Wing deflection fin 4 (yaw)
) D D Diameter of missile body
{ 1194 DELXE Missile to target displace-
; ment in earth X direction
| oY

DELYE Missile to target uisplace-
ment in earth Y direction
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Az

At

Atmin

max

LELZE

DIMIN

EMAX

X(4), EO
X(5), E1
X(6), E2

X(7), E3

FX

FZE

Q

Missile to target displace-
ment in earth 2 direction

Integration step size

Minimum allowed integration
step size

Maximum allowed error in
integration

Ouaternion parameter
Ouaternion parameter
Quaternion parameter
Quaternion parameter
Constraint error [See Equa-

tion (II-12)]

Body-axis component of force
in x direction

Body-axis component of force
in y direction

Earth system component of
force in Y direction

Body~axis component of force
in z direction

Earth system component of
force ia Z direction

Acceleration due to gravity

Angular momentum of missile
about body-axis x-axis

Angular momentum of missile
about body-axis y-axis

Angular momentum of missile
about body-axis z-axis

Nunmber of integration itera-
tions

Missile's moment of inertia
about body-axis x-axis

Missile's moment of inertia
about body-axis y-axis

Missile's moment of inertia
about body-axis z-axis




.

N

L. ZX Missile's product of inertia
“ in the x-z plane
K K Arbitrary constant used in
quaternion constraint
- KE KE = (K) (e)
m MASS Mass of the missile
M MACH Mach number of the missile
Mx MX Moment about the body-axis
X=-axis
Mv MY Moment about the body-axis
: y-axis
- MAXPT Maximum allowed number of
printouts
Mz M Moment about the body-axis ,
z-axis H
i
ng SX Number of seeker and auto- 3
pilot state variables 3
n TX Number of target state i
t . )
variables 1
P X(1), P Angular rate about the body- g
axis x-axis 2
- PRNTI Print interval %
¢ PHI Euler angle rotation phi §
3
PS1 Euler angle rotatio. psi §
qs. gsd QS, OSR, 0SD Dynamic pressure terms §
=
q X(2), Q Angular rate about the body- g
axis y-axis :
. RHO Air density constant ¢
T X(3), R Angular rate about the body~
axis z-axis
Rmin RMIN Miss distance (computer .ifter
run is complete)
- R(4) Integration status parameter
(See Appendix B)
- RM Range to the target
S S Reference area of missile
] SIGY Line of sight angle in earth )
y coordinate <ystem X-Z plane p
3
]
*
E
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=
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SIGZ

SMAX

X(1),

14 sIsng +13

X(I), ng + 14 s 1
and I s ng +n, + 13

TMAX

THTA

X(8)

X(9)

VE

s

X(19)

Line of sight angle in earth
coordinate system X-Y plane

Maximum error in integraticn : :
computation

Seeker and autopilo: state H
variables :

rarget state variables .

Maximum time for a computer
run (real time)

Euler rotation Theta ;

Body-axis component of missile .
velocity in the x direction

Earth system componeat of
missile velocity in the X
direction

Body system component of
missile airspeed in the x
direction

Body-avis ccmponent of *
missile velocity in the y
direction

Zarth system component of
sisvile velocity in the Y
JvieoLon

£«Yte < 'stem component of
mi. siln airspeed in the Y
slirection

Velocity of the missile

Velocity of sound

Body~-axis compcnent of
missile in the z direction

Earth system component of
missile velocity in the 2
direction

Earth system component of
missile airspeed in Z direc-
tion




——————— e ar k= =

X
w WY
y
W WZ
z
X X
X X(11), XE
XT XTE
y Y
Y X(12), YE
v
fop YTE
z Z
by X113y, Zt
ZT ZTE

zarth system component of
wind velocity in X direction

Earth system component of
wind velocity in Y direction

Earth system component of
wind velocity in Z directior

Body-axis component of missiie
displacement in the x direc-
tion

Earth system component «f
missile displacement in the
X direction

£arth system cumponent of
missile target in the X
direction

Body-axis compcnent of
missile displacement in y
direction

Earth system component of
missile displacement in Y
direction

Farth system componeat of
target displacement in Y
direction

Body-axis component of
missile dispiacement in z
directiecn

Earth system component of
missile displacement in 2
direction

Earth svstem component of
target displacement in Z
direction

A ‘'Got™ over a variable will he used to indicate the time derivative

of the variable. For example X is the time rate change of X. The
derivative of the FORTRAN variable X(1) will be indicated by the variable

DX(I).

2. Initiat Conditions

The initial conditions for the simulation are given in terms
of the equation variables: X, Y, Z, u, v, w, 3, :, ¢

Z3 v "v") p‘ Qe ry Sl’

L RSB (G Mt

.
W

i

T it SN G L S

ke Lo e w ot

b
3
3
3
3
3
=
ES
G
=
=
=




-

SZ’ .. Sn . Ti’ TZ’ . .. Tn which are supplied by the user. The

8 t
equation variables to be integrated are:

X,Y¥,2,%¥,Y¥Y,2,p, q, 1, e, €. ez, ey, Sl’ Sz,...sns; Tl’ Tz,...Tnt.

Thus, 1::, ‘:', Z., ey €15 €, and e, must be computed from the input quanti-
ties supplied by the user, auad Equation (A-33) of Appendix A, gives

e, = cos ¢/2 cos /2 cos ¢/2 + sin ¥/2 sin 8/2 sin ¢/2

e, = cos /2 cos /2 3in ¢/2 - sin ¢ /2 sin 6/2 cos ¢/2

e, = cos v/2 sin 9/2 cos ¢/2 4 sin v'/2 cos 6/2 sin ¢/2

eq = -cos +/2 sin 8/2 sin ¢/2 4+ sin /2 cos 6/2 cos 6/2 . (II-1)

To find X, Y, Z we must generate a transformation matrix which will

take the velocities u, v, and w (body-axis system) into X, Y, Z (inertial
refarence system). Thus, using Equation (A-29) of Appendix A,

1Tt e
a, = Z(rzlez + e0e3)
ag = 2(e1e3 - eoez)
1:>1 = .'Z(el'z2 - e0e3)

2 2 2
b _e0+e2-e1-e

2
3

\
b3 = 2(e2e3 + eoel)

cl = Z(e]_e3 + eoez)
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1)
w

]

m
L=

L]
ot
e

_ .2 2 2 2 . v
c3 = e + e; - ey - e, . (11-2)
Then
X a1 b1 c1 u
Y| = a2 b2 c, v
i YA ] ag b3 cq i w 1o (11-3)
L - 3 i
3. Computational Sequence )
a) Cormnute
Jt = tan-l(ﬁ)
u
R = tan'l (X) (11-4)
w N
b) Compute Vs and -~ as a function of Z kv linear
interpolation
c) Compute
2 2 2
M=/_______“ "'; + w (I11~5)
(3

d) Compute seeker, autopilot, and target dynamics from user
supplied equations of the form

51 31(81' Sgreees Sn)
S
s, | = gZ(Sl, Syreves S, )
- S
sns gns(sl, 52""'sn°) (11-6)
L . _ =0




- 2 A

(5. ] h (s,s,...,s )" ‘
1 IV 72 n :
5, hz(sl, SppevesS, )
85 h3(51’ Spseee S, ) :
s
5, hA(sl, Spsee-S ) (iI-7)
L. - - s -
~-. - — ( -
T £ [T., Toyeees T
= 1 vy =2 : nt)
| T, | = rz('rl, Typeens T“t)
: T £ (Tl, Typeees T, ) (11-8)
« t ths t
! L L —
2 ] 7
; X le(—pl, SO 'rn)
i t
]
i
j | = zZ(Tl, Tpseons 'rn)
t
%1 23(Tp Tppo Ty ) |- (11-9)
L L t/ ]
E e) The forces and moments in the body axis system ~ fx‘ fy’
fz, MK, My’ and Mz - are computed by user supplied equations of o, £,

S, b, M, ;> 52, B3 84 and 5. The moments o inertia Ix and Iy, the

product of inertia sz, and the mass m of the missile are also supplied

by user.
f) Compute the following equations for missile angular
accelerations:
. hx I, + hz Lox
P = 2
I I -1
X 'z Zx
10




%
Q=3
y
. hz Ix + hx L
r = 2 (11’10)
1 1 -1
z zZX
tvhere
hx=}lx- qr (I - I>+qp 2%
2 2
hy-My-pr (vaIz) - (p -r) zx
h, =M, - P (Iy - 1}:) -qr 1 . (11-11)
g) Compute quaternion derivatives, Equation (A-74) of (
Appendix A 4
eo=-1/2(e1p+e2q-:—e3r)+xqeo _
e1=1/2(e0p+e2r— e3q)+K~: ey
e2=1/2(e0q+23p-e1r)+xre2
p_ = - K -12
é, 1/2(e0r+e1q ezp\)-&~'.<,<a3 (11-12)
where
2 2 2 2
c—l-(eo+el+ez~t e3)
and where K is an arbitrary constant (K = 100 in tuis program).
11
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h) Compute the forces in the inertial system

(¢ ] i T 7e]
Fx a, b1 ¢y fx
Fy = a2 b2 c2 fy
Fz a, b3 c3 . fz . {11-13)

i) Ccmpute the accelerations in the inertial system

U= Fk/m

vV =
Fv/m

<
]

Fz/m + 2

Z =N . (II-14)

j) Integrate the following equations variables:

. . - . - . -

p’ q) r) U’ v! w’ X’ Y’ Z’ eo’ el' ez) e3 .

‘ k) Compute the components of wind speed Wx, Wy, Wz in the
inertial system by user supplied ecuations.

1) Compute the inertial components of missile airspeed

U =0U-Ww
e X
Ve =V - Wy
We =W-W . (1II-15)

12
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m)
{u, v, and w).

Compute the body axis components of missile airspeed

u Fal a, ag U,

vi= b1 b2 b3 Ve

w c1 c 2 c3 | We
. —d b -

(1I-16)

(11-17)

13

where
a =e?'+e2-e2-e2
1 0 1 2 3
a, = Z(elez + eoe3)
ag = 2(e1e3 - eoez)
b1 = Z(elez - eoe:‘)
b2=e(2)+e§-e§-e§
b3 = 2(e2e3 + eoel)
‘ ¢y = 2 e eq + eoez)
&3 c2 = 2(e2e3 - eoel)
!
. c=e2+e2-e?'-e2
3 0 3 1 2
m) The computational loop is closed by going back to Step a.
SN e ata — aen & P .
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Section Il FORTRAN SUBROUTINES SUPPLIED BY USER

1. General Information

The user must supply the following subroutines: SEEKER,
TARGET, FOROM, WRT, STRPLT, and WIND. Some of these subroutines may not
be required and may consist of only a DIMENSION, a RETURN, and ar END
statement.

Variables not in the argument list for these subroutines must be
"transferred® by COMMON statements. The main program contains some
standard common blocks which can be used as needed (Paragraph 2 of
Section V).

2.  Subroutine SEEKER

Subroutine SEEKER is used to model the dynamics of the sewker
and autopilot sections. In most cases common block ANG will be raquired
because the wing deflections will be needed in other subroutines and in
the main program when the standard printout option is used. Section V
of this report contains additional information on the standard common
blocks.

Subroutine SEEKER should contain a model of the form given in step
d) of Paragraph 3 of Section II. The subroutine shouid define the
derivatives of the state variable to be integrated by using the FORTRAN
variable DX(I) where I = 14, 15, . . ., SX + 13,

For example. let us assume that the seeker and autopilot section
are defined by the block diagram given below (the s is a Laplace operator.

Let the variables shown in Figure 2 be defined as follous:

¢, - Line of sight angle in inertial space for the X-Z plane (rad)
¢_ - Line of sight angle in inertial space for the Y-Z plane (rad)
% _ = Pitch wing command (rad)

A - Yaw wing command (rad)

K. - Seeker gain (rad/sec /rad)

Navigation gain.




b € 3 )
Y Y (- P
X 1] Smax
Ol € 6

SmAax

Figure 2. Simplified Block Diagram Example

The differential equations for the block diagram in Figure 2 can be
written as a set of first order differential equations obtained directly
from Figure 2, and

1 K("Y ) xl)

P Kn xl

4
]

when IKnxll )

o
]

max

n
]

. (5mx) scn(xl) when |K X, |>85_

XZ K (oz - Xz)

= <
5, = KX, when lxnle R max
53' = (Smax) SGN(XZ) when lKnle > 8 ax - (11i-1)

Let 8P = 5y = 0 if time < 50 seconds.
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The corresponding FORTRAN program is:

SUEROUTINE SEEKER(TIME,X,DX)

REAL IMPUT

REAL KE

REAL K,KN

DIMEFSION X(1),DX(1)

COMMON /ANG/ALFA,BCTA,S5IGY,S16Z,DP1,DY2,DP3,DY4
KN«.8,5

K=1@,

DX(14)=¥u(SIGY=X(14))
LX(15)=K#(S51GZ=-X(15))

DP1=KN&«DX(14)

pY2sKhNeDX(15)

IF(ARS(DP1),.5T,,1745) DP1=SIGNC,174%,DP1)
IF(ABS(DY2).GT,.1745) Dv2=5]IGN(,1745,DY2)
IF(TIME,LT,52,) DP1=DY2:={,

pY4=nyYzg

pP3=pP1

RETURN

END

Note that the wing commands DP1l, DP3, DY2, and DY4 may be defined in
any manner the user wishes, however, the user must be consistent with
the wing command defined in the user supplied FOROM subroutine. Note
also that the FORTRAN variable SX is equai to two because there are two
seeker states [X(14) and X(15)].

T T R W—

3. Svhroutine TARGET

Subroutine TARGET is used to model the target dynamics. The
model should have the form of the model given in step d), Paragraph 3
of Section II. The subroutine as a general rule should contain the
standard common block DISPL (Section V). The derivatives of the state
variables to be integrated must be defined by the FORTRAN DX(I), where
I=13+SX+1, 13 +SX+ 2, ..., 13 + SX + TX. The target locations
in earth coordinate system (XTE, YTE, and ZTE) must also be defined.

' Subroutine TARGET can be illustrated by a simple example where the
target is located at X = 46,000 ft, Y = 500 ft, Z = 0 ft in the earth

) coordinate system and is moving with a velocity of 5 ft/sec in the ¥
, direction.
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SUBROUTINT TARGET(TIME,X,DX)

DIMENSION X(1),RXx(1)

COMWON /DISPL/ U,V,W,DELXE,NELYE,DELZE,XTE,YTE,2TE,%Y
DX(16)=5,

XTE=46000,

YTE=502,.+X(16)

ITE=R,

RETURN

END

Note that there “s one state variable in the subroutine and the FORTRAN
variable TX is ecual to 1.

4.  Subroutine FOROM

The purpose of subroutine FOROM is to supply the forces,
moments, moments of inertia, product of inertia, and mass to the main
program. The forces are in the body-axis system.

The positive conventions for forces, moments, and angular rates for
the body-axis system are shown ia Figure 3.

Figure 3. Positive Conventions in the Body-Axis System

Subroutine FOROM must contain common blocks: FRMO, AIR, ANG, and
OTHERZ for most applications (Section V) likely to be encountered.

The use of subroutine FOROM can be illustrated by a simple example:

SUSRQUTINE FOROM(TIME,X»DX)

INTEGER SX,TX

REAL KE,K

REAI, MACH, MX , MY, MZ,IX, 1Y,12Z,1ZX.MASS

DIMENSIGN X(1),0Xx(1)

COMMON /ANG/ALFA,BETA,SIGY,SIGZ,DP1,iY2,DP3,DY4
COMMON /OTHERZ2/ THTA,PSI,PHI,KE:SyN,SX,TXsK,»GsMAXPT
COMMON ZAIR/Z MACH,VH,VS,QS,0SD,9SR,RHO

17

P VAL BT S

YR

W o

e a1 o

abed bW Gk 21 e

N

Wb~y

O Lk

B A e

|
|




COMMON/FRMO/ FX,FYsFZaMX, MY MZ,IX,1Y,14,12%sMASS
1Yy=i7:=4,77

IX=,202

MASS=4,671

12x=9,

$=,1965

p=.,5

CDO= .25

CMA=-23|

CNA=15,

cMbz18,

CM0==283,

CALL QSDSuUE

FXz- 580S%CD0

FYz=,54Q0S0CNA®BETA

FZ=+=,5¢QS#CNA®ALF A

A=X(2)

R=X(3)

M¥=2,

MY=,54QSDe(CMARALF A+CMD#DP1+DeCMARG/ (2 ,8VM))
ML=, S8 QSD¥ (~CMA*RE TA+C MD aD Yz 4L aC MR aR /( 2, aV M) )
RE TURN

gEND

Note in the example the aerodynamic coefficients are assumed to be
constants. In most simulations this assumption would not be valid and
aero data must be stored in tables as a function of Mach number. For
some tail controlled missiles where the angles of attack are likely tec
be relatively large, it may be necessary to compute the sarodynamic
coefficients as a function of three independent variables - Mach number,
angle of attack, and wing deflection. The problem is basically one of
interpolating to find: an accurate aerodynamic coefficient for any given
set of independent viariables. To help solve this problem, an interpolia-
tion routine has bien provided as part of the main prograa which will
handle one, two, or three independent variables. A description of the
interpolation routine can be found in Section IV. Subroutine QSDSUB

is a subroutine supplied by the main program which computes the dynamic
pressure terms (Section IV).

5.  Subroutine WRT

The purpose of subroutine WRT is to provide a way to output
certain variables not in the standard printout. As will be discussed
in Section V, there is an input data card which provides the user with
the following output options: standard printout only, printout provided
by the user in WRT only, or the printout provided by the standard print-
out plus the output generated by WRT. Subroutine WRT must as a minimun
contain .

18
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SUBROUTINE WRT(TIME, X, DX)
DIMENSION X(1),DX(1)
RETURN

END

For this example, the standard printout option would normally be used.
All variables to be printed out by WRT with the exception of the arrays

X and DX, and the variable TIME must be transferred to WRT by COMMON
statements.

6. Subroutine STRPLT

The purpose of the user supplied subroutine STIRPLT is to
store output data in arrays as required and to provide enough flexibility
so that plots can be made with either the line printer or with some
other output device such as the Tektronix 4002A graphics terminal.

A line printer plot will be generated by the following example
program. Subroutine PLOT is discussed in Section IV. The line printer
plot generated by this program is given in Section VI.

SUIRQUTINE STRPLT(TIME X ,Dx, ["MI53S, IPLIT)
DIVYENSION X(1),0x(1)
DIMFYSION A(1822),8(508)
COMMON/DTHERL/ TTERA,DT, DTMIHy EMAX ,N,SHAX, TMAX sPRNT]
4 FORMAT(IRKL,59%,#2F YS TIME«// )
IF(ITERA N:,1) 650 TO 1
[s¢
Tszﬁ.
STEP=1,
CONT LiluE
JF(TI%E.LM, TS,AND, IPLOT,.EQ,.2) 350 7O 3
IS=T [ME+STEP
I=1+1
A(T) =T IME
3(1)=%X(13)
IF(IPLOT ,EQ.3) 3D TO 3
wR1TE(6,4)
N= ]
D0 5 J=1,N
5 ACJ*NI=B(J)
CALL PLOT(A,N,2,2,2%)
3 RETURN
END

=
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The FORTRAN variablie IPLOT is set to zero during the flight phase of the
simulation and is set to one when the run is complete and plotting <an
commence. IMISS = 0 when the miss distance is less than 50 feet.

IMISS = 1 when the miss distance is greater than 50 feet (RMIN has uo
meaning).

7. Subroutine WIND

The purpose of the user supplied subroutine WIND is to provide
a method for placing a wind model in the simulation when it is required.

Subroutine WIND should contain a minimum of the following

SUBROUTINE WINDCTIME,X,DXsUs Vs k)
DIMENS ION X(1),DX(1)

RETURN

END

The variable U, V, and W are components of missile velocity in the

earth coordinate system. So to enter a wind model; Y, V, and W must

be "replaced" with inertial components of missile airspeed. For example,
if the wind is blowing in the inertial Y direction with a velocity of

10 fr/sec, the subroutine would take the following form:

SUBRQUTINE WIND (TIME,X»DX,U,V,4W)
DIMENSICN X(1),DX(1)

Vsve=1a,

#e TURN

END
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Section IV FORTRAN SUBROUTINES SUPPLIED BY PROGRAM

1. General Information

There are certain subroutines available with the main program
which may be called by the user supplied subroutines. The subroutines
simplify the task of programming in that a group of statements may be

replaced by a single call statement in the user's program. The following

sections define the function of each subroutine which can be called by
the user.

2.  Subroutine LIM

Subroutine LIM contains a limiter model and has a calling
statement of the form

CALL LTM (INPUT, OUTPUT, A, B)

where
OUTPUT = INPUT when A < INPUT £ B
OUTPUT = B  when INPUT > B
OUTPUT = A when INPUT < A (IV-1)

NOTE: 1INPUT is a real variable in subroutine LIM.

3.  Subroutine LIMSTA

Subroutine LIMSTA contains a limiter model which modifies the
input quantity as well as limits the cutput. The calling statement is
of the form

CALL LIMSTA (INPLT, OUTPUT, A, B)

where
QUTPUT = INPUT when 4 <€ INPUT < B
OUTPUT = INPUT = B when INPUT > B
OUTPUT = INYUT = A when INPUT < A (Iv-2)

NOTE: 3INPUT is a real variable ia subroutine LIMSTA.
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4, Subroutine DETEC

Subroutine DETEC contains a simplified detector model with a
characteristic as shown in Figure 4.

%

—_——— —|-B

— ——" -

Figure 4. Model of Detector Characteristic

The calling statement is of the form
CALL DETEC (INPUT, OUTPUT, A, B, C, D)
where the arguments are defined in Figure 4.

NOTE: 1INPUT is a real variable in subroutine DETEC.

5. Subroutine DEADSP

Subroutine DEADSP contains a mcdal of an element with dead
space as shown in Figure 5. The calling statement is of the form

CALL DEADSP (INPUT, OUTPUT, A, B)

where the arguments are defined in Figure 5.

NOTE: INPUT is a real variable in subroutine DEADSP.

8. Subroutine LAG

Subroutine IAG contzine a model cf a first order leg with &
transfer function of the form

22
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OUTPUT(S) _ __1
INPUT(S) 78 + 1 . (1Iv-3)
) OUTPUT
le— CUTMUT =
INPUT B
A - INPUT
B
ouUTPUT = -
INPUT -A

Figure 5. Dead Space Model

The calling statement is of the form
CALL LAG (INPUT, OUTPUT, X, DX, INDF T)

where X is the array of state variables used by the main program
(sinilarly DX is the array consisting of the derivative of X), INDEX

1s an iateger defining tne element of X which defines the state of the
first order lag, and T is the time constant 1 defined in Equation (IV-3).
Note that z first order lag model requires only one state variable and
that INPUT is a real variable in subroutine LAG.

7.  Subrostine SECORD

Subroutine SECORD contsins & model of a2 second order linear
system with a transfer function of the form

2N

JUTPUT(S) w,

INPLT(S) 2

.2 . (IV-4)

£

2
ns + wy

The calling statement is of the form

CALL SECORD (INFUT. OUTPUT, X, DX, INDEX, ETA, WN)
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where ETA = ¢ and WN = w, [Equation (IV-4)] and INDEX is an integer

defining the element of the array X (Section IV) which corresponds to
the first state variable of the model for the second order system. Note
that two states are required to model a second order system and that
INPUT is a real variable in subroutine SECORD.

8.  Subroutine LDLAG

Subroutine LDLAG contains a model of a standard lead-lag
compensation network with a transfer function of the form:

ovreur(s) _T15*!
INPUT(S) ~ T8 +1 - (1V-5)

The calling statement is of the form
CALL LDLAG (INPUT, OUTPUT, X, DX, INDEX, T1, T2)

where INPUT, OUTPUT, X, DX, and INDEX are Jefined similarly to the
definitions given in Section IV and where T1 = Ty and T2 = T [Equation

(IV-5)]. Note that one state variable is required to model a lead~lag
network and that INPUT is a real variable in subroutine LDLAG.

9. Subroutine G?ROZ

Subroutine GYRO2 contains a model of a seeker gyro which can
be torqued. The calling statement is of the form

CALL GYRO2 (TGY, TGZ, X, DX, INDEX, IX, ITP, ITY, WS) .

Consider Figure 6.
- TGY

vy =7 xvz - BODY-AXIS, AXES
- - AXES
X, XgYoZ, - GYRO COORDINATE SYSTEM

Ry NOTE: V, AND Z, AXES ARE NOT SHOWN

SPIN AXIS OF & -~
THE GYRO o (

| lmz

X z
Figure 6. Gyro Coordinate System
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let x, y, and z be the coordinates of the body-axis system (fixed on the

missile) and let ¢ and ¥ define the location of the gyro spin axis. Then

the arguments of subroutine GYRO2 are defined as follows:

TGY - Torque on the gyro as defined in Figure 6
TGZ -~ Torque on the gyro as defined in Figure 6

X - Array of state variables [X(INDEX) = ¢ and X(INDEX + 1) = y]

IX - Axial moment of inertia of the gyro

ITP - Transverse moment of inertia in the pitch plane
ITY - Transverse moment of inertia in the yaw plane
WS - Spin rate of the gyro

INDEX - An integer defined as in Section IV.

This gyro model does not model nutation of the gyro and thus is
suitable for digital integration using a relatively large step size.
Note that two states are required to model the gyro. The torques TGY
and TGZ axe transformed to torques in the gyro coordinate system which
has an Xg-axis aligneé with the gyro spin axis and which does not rotate

or spin with the gyro wheel. The equations used in the model can be
obtained from the listing of subroutine GYRO2 givea in Appendix C.

10.  Subroutine PLOT

Subroutine PLOT was intended to be called in subroutine
STRPLT (Section III) and can be used to plot out information using the

line printer. Section VI contains an example of a trajectory (altitude
versus time) made with subroutine PLOT.

The calling statement is of the form

CALL PLOT (A, N, M, NL, NS)
where

A - Matrix of data to be plotted. The ~irst column represents
the base variable (e.g., time), and the successive columns
are the cross variables (the maximum numnber of cross variables
ic nine).

N - Number of rows in A

<
'

Number of columns in A

NL - Number of lines in plot. 1If NL = 0 specified, 50 lines are
used (one standard line printer page)
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NS - Code for sorting the base variable into ascending order.
If NS = 0, the base variable is in ascending order and sorting
is not required. If NS = 1 sorting is necessary and the base
variable will be placed in ascending order.

1. Subroutine TABLE

Subroutine TABIE is an interp&lation subroutine which will
handle functions with one, two, or three independent variables.

The call statement is of the form

CALL TABIE (N, ANSWER, WT, X, XT, NX, NPX, Y, YT, NY, NPY, Z, ZT, NZ, NPZ)

where

ANSWER -

YT -
NY -~
NYX -
7z -
N -
NPZ -

The number of independent variables

Dependent variable corresponding to (X, Y, Z)
Table of dependent variables corresponding to (XT, YT, ZT)
Independent variable X

Table of independent X values

Number of points in XT

Number of points to be used for X interpolation
Independent variable Y

Table of independent Y values

Number of points in YT

Number of points to be used for Y interpolation
Independent variable Z

Number of points in ZT

Number ¢« £ points to be used for Z interpolation.

The use of subroutine TABLE can be illustrated by a simple example,
Assume that Table I is a table of values for the axial drag coefficient

c. .
Dy

The data can be stored in tables by means of a data statements

DATACC(CDIT(I,JsK)a121,9),0=1,4,K21,2)/
x.81079 .6,.4’ .3,
x.6)050 04’031 .2’
X.S, 043 .2) 02' .2'
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x.4;'4p.3p.2'.20
XeT72 050690 081,80
x.50040030.20020 !
XS..3,:3.,2.:2” !
Xe3r031035440,5/
DATA DEL(I)'I=1!4),'15.'-1ma3-5o'ﬂ.;
DATA (MACH(]),1=21,2)/.4,.8/
DATA (ALFAT(1),1=1,5)/0.,5,,18,:15.,208,/

Table I. Data Table for Drag Coefficient CD

0

Angle gf Attack Wing %

(deg) Deflection Mach X !

0 5 10 15 20 (deg) to. : :
0.8 0.7 0.6 0.4 0.3 -15 0.4
0.6 0.5 0.4 0.3 0.2 -10 0.4 K
0.5 0.4 c.2 0.2 0.2 -5 0.4 3
0.4 0.4 0.3 0.2 0.2 0 0.4 i
0.7 0.6 0.5 0.4 0.3 -15 0.8 2
0.5 8.4 0.3 0.2 0.2 -10 0.8 £
0.3 0.3 0.3 0.2 0.2 -5 0.8 3
c.3 0.3 0.4 0.5 0 0.8 3
The prugram wcvld contain a call statement of the form E
H
_ b
CALL TABLE(3,C00,Cp0T,ALFA,ALFAT,5,2,DP1,DEL,4,2,MACK,4T,2,2) 3

Thus given ALFA, DP1, and MACH, CDO will be computed by interpczlation.
Note that NPX, NPY, and NPZ are equal to two. This implies that all
interpolation will be linear. Note also that the data tablez are
arranged in ascending order of magnitude for the independent variaoies
and that the angle of attacl. table values correspond to the | subscript
of the data statement for CDOT(I, J, K). The J and K subscripts corre-
spond to the wing deflection ané Mach number table values respectively.
When N = 2, the varisbles Z, ZT, NZ, NPZ are all dummy variables. When

N = 1, the variables Y, YT, NY, \¥YZ, 2, 2T, Nz, NPZ are all dummy
variables.

27




12. Subroutine QSDSUB

Subroutine QSDSUB contains computations for the standard
aerodynamic pressure terms. The calling statement is of the form

CALL QSDSUB .

The common block AIR must be included in the subroutine which call
QSDSUB. The variables in common block AIR are computed as follows

2
QS-—meS
9SD = p V2 § D

QSR =pV_ SD
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Section V INPUT AND OUTPUT DATA (

1. Input Data .
The following is a list of input data cards required by the
program:
a) SX TX (read in with 2I5 format)
b) TAG(I), I =1, 8 (read in with 8A10 format) ‘
¢) IOPTN, INTOPT (read in with 2I5 format) %
d) TIME, PHI, THTA, PSI (read in with 8F10.0 format) -
f e) U, V, W, X(1), X(2), X(3) (read in with 8F10.0 format) %
} £) X{11), X(12), X(13) (read in with 8F10.0 format) %
g) X(@), I=14, 13 + SX (read in with 8F10.0 forma:i) %
h) X(I), I=13+SX+1, SX+ TX + 13 (read in with 8F10.0
format) S
i) DT, DIMIN, ZMAX, PRNTI, TMAX (read in with 8F10.0 format) i
H X
i j) MAXPT (read in with 2I5 format) 3
# k) (Blank card) 2
{ where %
i SX is the number of state variables in subroutine SEEKER

LT IR IVEN

TX is the number of state variables in subroutir> TARGET
TAG(I), I =1, 8 is a 80 column title for output (may be a blank card)
F IOPTN is the print option (if IOPTN = O standard printout; if

'
G N 'Mi,;”w’.}ﬂ,

IOPIN = 1, printout by subroutine WRT; and if IOPTN = 2,
standard printout plus printout provided by WRT)

INTOPT is the integration routine option (if INTOPT = O, Runga-
Kutta fourth order used for integration; if INTOPT = 1,
variable step Runga-Kutta Merson is used for integration;
if INTOPT = 2, Hamming Predictor Corrector is used for

integration). See Appendix B for discussion of integration
routines.

TIME is the initial value of time

PHI is the initial value of the Euler angle ¢ (Figure 1)
H THTA is the initial value of the Euler angle 9 (Figure 1)
4 PSI is the initial value of the Euler angie ¢ (Figure 1)

U is the initial valuve of the missile velocity in the body-axis
x-direction

i
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V is the initial value of the missile velocity in the body-axis
y~direction

st

W is the initial value of the missile velocity in the body-axis
z~direction

X(1) is the initial value of the body rate p about the budy-axis
x-axis

X(2) is the initial value of the body rate q about the body-axis
y-axis

X(3) is the initial value of the body rate r about the body-axis
z~axis

X(11) is the initial displacement of the missile in the earth
coordinate system X-direction

X(12) is the initial displacement of the missile in the earth
coordinate system Y-direction

Y¥(13) is the initial displacement of the missile in the earth
coordinate system Z-direction

i
!
!
P
h
:
§
)
i

X{1), I =14, 13 + SX are the initial values for the state variables
in subroutine SEEKER
4 X(T), T =13 +SX+ 1, SX + TX + 13 are the initial values for the
state variables in subroutine
i TARGET
P ‘ DT is the step size to be used for integration

DIMIN is the minimum step size to be used for the variable step
size integration methods. The constant has no significance
for the fixed step Runga-Kutta integration routine but DTMIN
must still be defined.

L _and

EMAX is the maximum error to occur in the integration routines.
The step size will be reduced until the error is less than
EMAX or the minimum step has been reached (DTMIN) (DTMIN used
for Runga-Kutta-Merson only)

PRNTI is the print interval in seconds (PRNTI must be greater than
or equal to DT)

i TMAX is the minimum value for the FORTRAN variable TIME. The run
' is terminated and the next data set is read in if TIME > TMAX.

MAXPT is the maximum allowable number of printouts. After the run
iz complete for one data set, the program is initialized,
and a new data set is read in. Thus, data sets may be
"stacked" in sets. The program can be terminated by setting
SX = TX = 0. This can be accomplished by placing a blank

' card after the last data set.
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2. Qutput Data

a. Standard Common Blocks

The stardard common blocks which are part of the main
program are

CCPMCN /TRANS/ A(9)

CCHNMCN /DISPL/ Ug VoW, DELXEGDELYE +TELZE o XTEZYTE ¢ZTE 4RM
CCMMCON /ANG/ALFA,PETA,SIGY,SI67,CF1,0YZ,0P3,DY4
CCMMON ZAIR/ MACH 4 YM VS ,0Se0SD,QSKRWRHC

CCMMCN Z7FRMO /7 FX 4FY g FZ oMY MY MZ yIX;12,1Y,12X4MASS
CCMMCN /0THEF1/ITERASDToDTMINSEMAX,SMAX,TMAX 4 PRNTI
CEoMMON/QOTHERZ/Z THTAGPST sPHTI oKE 9SS 9D S Xy TX 9K oG 9 MAXPT
CCMMCN /ZINT/Z R(W)

COMMON/MIS/ RPIN

These common blocks may be used to transfer variables from the
main program to various user supplied subprograms (and vice versa) and
from user supplied subroutine to user supplied subroutine. The variables
given in the COMMON statenents are defined in Section II.

The following variables must be declared to be real when a common
block containing them is used: MX, MY, M2, IX, IY, IZX, MASS, KE, and
K. The variables SX and TX must be declared to be integer variables
when common block OTHER2 is used,

b. Qutput Options

The options available for outputing have beea cover~d in
Section II. A sample of the standard printout is given in Secticen VI.
Note that Euler angles are provided in the standard printouvt. These
angles are computed only at the print interval from the quaternions
(Appendix A).
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Sectiois V! EXAMPLE PROGRAM AND OUTPUT

1. Subprograms Supplied by User

The following listing is comprised of the listing frow examples
used in the previous sections.

SUBROUTINE SFIKER(TIME oX D%} - - - .

RCAL INPUT '

REAL KE :
QEAL YKyXN {
DININSION X(1) ,3X(1) . '
COMMON /ANG/ALFA,BETA,SIGYsSIGZ,0¢140Y240P3.DY4 !
KN=8.5 g
K=1J. H
DX (1L4) =K+ {SIGY -X(14)) :
NX(15)=*(SIGZ=-X(15))

NP1=<N*IY {1&k) . . 1
NY2=KN*IX {13)

IF{A8S{0P1).6T.e1745) OPL1=SIGN(.1745,0P3)
IF(ORS(IVE) GV ael7U53  DYZ2=SIGN(.1745,0Y2)
TF(TI4E.LT.53s) NPL=DY2=0.

IYL=3Y2 |
nP3=9p1 :
QETIIN : \
END

[ TN

SURRDJTINE SOROCMITIMFE X, 0X)

INTZGER SX,.TX

QFAL KEWK

REAL MASHoMX MY 4MZsIXoT1Y,12yI7ZX,y:4AS3

DIMINSION (1) 43¥{1)

COMMON ZANG/ZALFALBETALSIGY3SIGZy0P1,0Y2,0P3,0Y4
COMAON /DTHER2/ THYA 4PSTPHL KEyS+DeSXTX K6 ¢MAXPT
COMIION ZLIF/Z MACH VM, VS,QS92ASN4ISRHRHU
COMMON/ERMO/Z FXgFYGFZ (MY gMY yMZ4IXIVYIZ9IZX,MASS
1Y=1Z7=4.77

IX=s232

MASS=4.071

172x=43.

3=.195%

N=.3

CD0=.23

CMA==-23,

LNA=15.

32




C4p=18,

CMO=-283.

CALL NSASUR

FX==,5%3S¥Cl0

FY== S¥QS*¥CNA*BETA

FZ==5%QS*CNA®ALFA

A=x{2}

R=X(3)

MX=3.,

MY=.5*\SO*(CHA FALFA+CMO*DPL+D¥CMQFG/ {2, ¥VH) )
M7=, 5%QSN¥ (~CMA*RETA+CMDYDY2+D¥ AR (2. * VM) )
RETYPN

ND

SUBROUTINF STIPLT(FIME ¢ 43 IMISSsIPLOTE-
DIMINSION X{(1) ,0x (1)
JIHMINSION A(13ul) 4R{S5C )
SOMMON/OTHERL, ITEPAGDOYDTHINGT4AX NsSMAY s TMAX 4PRNTI
4 FORMAT(1HL1,5.X +*ZFE VS TIME®//7 )
IF(ITERAWLNLL. LY G2 T 1
1=¢
1S=l.
STE2=1,
1 -CONTT {u=
TF(T I LT . TS ANDIPLOT,.® 3! GO Tu 3
TS=TI4F+STi?
I=1+1}
A{I) =TIMZ
LI =x(13)
IF(IPLCT.EN.E) GO T 3
WRITE (54 4)

N=T
JO 5 J=1leN
5 A(JeN)I=3 (J)
CALL PLGT(Asne 240400

3 RETU3N
- FNC

SUBWIUTIHE TAJGET(YIMEXTX?

DIMENSION X(1) 40X (1)

COMMCN ZDISPL/Z UgVeH o DELXE2IELYE  DELZE«XTESYTELZTESRM
IX{L6)=5,

XTE=4AQL00 .

YTE=5Jus #X (16)

2¥E=3a

ACTYRN

£END
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SUBRQUTINE ART (TIMEY X 0%}

DIMINSION x{1) 43X (1) .
RETJRN
ENG

SURRDUTIRE JTEDETIMI J X 9OX gUe ¥ y¥)
DIMENSION ¥(1) ,OX {1}

RETURN

THRG

2. Input Data

The following initial conditions will be assumed: )

H ty = 36.5 sec Y = 47.78 £t .
{ | u = 762 ft/sec Z = -13,420 ft ]
’ v =0 ft/sec %9 = 0 rad ]
) i
§ w =0 ft/sec 8 = 0379 rad
[ g p = 0 rad/sec vy = 0 rad 3
' q = 0 rad/sec X14 = 0 rad
r = 0 rad/sec xlS = 0 rad
X = 31,300 £t xl& = 0 ft

Ler the step size be 0.005 secend, the print iaterval be 0.5 gecond,
and let the maximum time (TMAX) be 70 seconds. Because the print inter-

‘ val is 0.5 second there should be po more than 140 printouts (MAXPT = 140).
Select the standard printout and Runga~Kutta integratfon. The input data
card set will then bz as follows:

? 1;) 20 30 &6 L7
P : | H i { H
ﬁsrornos:m FOR 613 TERMINAL HOMING PROSRAM
36.5 e, -,379% e.
762, 2, 2. 2. 2.
> 3150¢, 47.78 -13428, g, 9.
1 €. 2, 8, 9, e,
g,
oed , 883 223083 2. 79,
1te
34
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3. Qutput

The followiag is the output rvesult from the subprograms given
in Paragraph 1 of Section V snd inpul dsta given in Paragraph 2 of . .
Section V.

B o o L

B XY '3
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Appendix A. QUATERNIONS

1. Introduction

There are currently three methods in general use for generating
coordirate transformations used in 6 degrees of freedom flight simula-
tions: Euler angle rotations, direction cosines, and quaternions. This
appendix wili deal with quaternions and Euler angle rotations.

2. Euler Angle Rotations

Euler's theorem states that any real rotation may be expressed
as a rotation through some angle about some fixed axis. That is,
regardless of what the rotational history of the body is, once it reaches
some orientation, that orientation may be specified in terms of a rota-
tion (through some angle which can be determined) about some fixed axis. X
The theorem can be restated in terms of matrices as follows: for every

orthogonal transformation matrix A, there exists some vector R such that
-
AR =R . (A-1)

Equation (A-1) is a statement that there exists a vector coincident with
the axis of rotation that is not changed in magnitude or direction for
every orthogonal transformation matrix A. That is, the existence of an
axis of rotation can be established for any orthogonal transformation
matrix by proving Equation (A-1). The proof of Equation (A~1l) can be
based on the more general equation

b A

»

AR=2R (A-2)

where \ is a scalar quantity called an eigenvalue. The eigenvalue pro-

blem is well known, and it can be shown that the characteristic or
2

secular equation for real orthggonal matrix must have a root A = +1.
Euler's theorem shows that it is possible to express any rotation (or
ocrthogonal transformation) as a single rotation about some axis and,
thus, it is possible to make use of the equivalent rotation to specify

orientation.
An orthogonal transformation matrix will now be developed using

Euler parameters. Consider Figure a-l. X, Y, and Z are the inertial
axes and x, y, and z are the bedy-axis axes which are assumed to be :

2Gantmacher, F. R., Theory of Matrices, Chelsea Publishing Company,
1960, Library of Congress Catalog Card No. 59-11779.
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T -

fixed to a body rotating in spacz2. The task here is to derive the
transformation which will take the vector f = (X, Y, 2) into the vector

B = (%, ¥, 2)- By Euler's theorem, it is known that an axis of rota-
tion exist (Figure A-1) such that the coordinate system (X, Y, Z) can
be '"'rotated' about the axis and be made to coincide with the (x, y, z)
coordinate system for any possible orientation of the (x, y, £) coox-
dinate system. Now let che axis of rotation mak= angles ¢, B, and ¥
with the X, Y, ard Z axes, respectively, as shown in Figure A-1., Note
it is a geometric cousequence that the rotational axis makes the same
angles o, B, and 7 with the x, y, and z axes, resnectively. This fact
can be appreciated by the artifice of considering the X, Y, Z coordinate
system shown in Figure A-1 to be constructed of wire and welded at the
origin to a wire representing the axis of rotation. ¢Clearly, the wire
representing the axis of rotation may be rotated until both coordinate
systems are coincident. The obvious conclusion is that t>- .ny .es must
be the same. The next step is to define a new coordinate uve. = (Xr,

Y Zr) such that Xr is aligned with the axis of rotatic ‘nd such that

r’
the Yr axis is in the X-Y plane. There is an orthogonal transformation

matrix A such that

[ xr'] X

]
5
1
"

z, | zJ (A-3)

In an identical manner, a coordirate system (xt, Yp» zr) can be defined
for the body-axis coordinate system such that the X, axis is aligned
with the axis of -station and such that the Y. axis is in the x-y plane.
Then

z z (a-4)

where the matrix A in Equation (A-4) is identical to the matrix A in
Equation (A-3). Now make the following definitions:

Br = (xr, Ve zr) (A-4a)
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I = (xr, Y. Zr) (A-5)
B = x, vy, 2z) (A-6) g
- T=(,Y,2) &-7)
then
B =A3 (A-8)
T =A1 . (A-9)

Since the x, and Xr axes coincide

- -
B,=RT (A-10)

where R gives a rotation about the axis of rotation and is of the form

1 0 0
R= j0 cosp siny :
0 -sinp cosy (A-11)

where p is the amount of angular rotation.

Then using Equations {A-8), (A-9), and (A-10)

- -

B,=RAT (A-12)
AB=RAT (A-13)
2 -1 S
B=A"RAT . (A-14)

Thus, an orthogonal transformation from the X, Y, Z coordinate system to
the x, y, z coordinate system can be found by finding the matrix A in
terms of the angular parameters ¢, f, and y. Because the Xr axis is

44




aligned with the axis of rotation and because the Y_ axis is perpendi-
cular to the Z axis (323 = 0), A is of the form

cos O cos B cos ¥
A= | ay 229 0
aqq as, aq4 . (a-15)

Since A must be orthogonal matrix, it is possible to deduce

cos ¢ cos B cos 7 ]
3

A= |%cos Besc y *cos ¢ csc ¥y 0 2
3

tcos ¢ cot vy +cos R cot ¥ i+sin y . (A-16) :

The ambiguities in sign may be removed by geometric considerations with
a = 0 which implies y = B = 11/2. The resuit is

[ cos cos B cos v
A= | -cos Becscy cos (x csc vy 0
-cos ( cot ¥ -cos B cot vy sin y . (A-17)

) . - i en B e
o B by etk b R L T LA PIE T R

The desired transformation _é-l R A may now be computed and

E gz - qz .02 2(k4 + £%) 2(gf = 7X)
~' atra- 25y - £ R RIS 20t + £
L 2(e8 + %) 2(nt - &%) -¢% - 7+ ;2 + *Zd
(4-18)
where
¢ = cos o sin u/2 n = cos R sin u/2

t = cos y sin u/2 X =cos u/2 . (a-19) :
45 :
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The four parameters ¢, 3, {, and X are known as the Euler parameters. !
It should be noted that the four parameters are not independent becszuse

2, %% -1 . (a-20) ;

2 2
£+ E +
Given ¢, £, n, and X it is possible to coupute a unique transformation
matrix. It is also possible to scive for the Euler parameters given

the transformation matrix, but several correct solutions may exist,
that is, the solution is not unique.

3. Quaternion Parameters

Quaternions is another four-parameter method to generate
orthogonal transformations and is the method used by the computer pro-
gram. The quaternion q is by definition of the form

q=ej+e it+e, jte,k (a-21)
# where ey €1s €y and e, are real numbers and the vector indices$, j, and
k are defined by
iz = -1 ij = ~ji=k
j2 = -1 jk=<-kj=1
2 . .
kW = -1 ki = ~ik = j . (A-22)

The conjugate of q is defined to be
| q* = ey - ie1 - je2 - ke3 . (A-23)

It can be shown from the definitions above that

2 2 2 2

qq* = g*¥ q = ey +e; +e, +ey . (4-24)
If qq* = 1, then q is known as a versor.
P The quantity e is called the real or scalar part and :le1 + je2 +
F ke3 is cslled the complex or vector part. Now let V be a quaternion
46
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whose scalar part is zerc. Thus V may be thought of as a vector

V=1 + jY + kz . (A-25)
Now consider
-
gV q=1V"' - (A=26)

where q is a versor (q* q = qq* = 1).

It can be shown that V' is a .. by using the definition estsb-
iished for quaternions, and

- ; A Y
7= (eo - le; = e, - ke3) (1x + §Y + kz) (eo + de; + je, + ke3)(A-27)

expanding
V'=ilxre+e2-e2-e2]+Y2ee 4 2e.e 'Z[Zee 2e.e
0 T %1 2 3 3%0 %27 1%3 02
+ j{x 2e 1% - 2e3eo] [ 12 + e,)2 - e32]+ Z[Zele(> + 2e3 2]}
1 5 _ { 2 _ 2 _ 2 2]}
+ k{X 2e e + 2e1e3J 4 l_e e 2e el] + 2 eo 21 e2 + e3
{A-28)
or
2 2 2 2 IR
20 +e1 -e2 -e3 (3e0+e ez) 2(e1e3-e0e2) X
I - 2 2 22
V' = Z(ele2 e3e0) ey e1 -{ez e, 2(¢.=1e0+e3e2) Y
2(e, e te o e -e -e 2+e2 Z §. (A-29)
173"7072 253~ €0%1 2 73 ‘
- S -

The woove matrix can be shown to be ar orthogenal transformatien matrix,
Note the 3X3 transformation matrix ie completely defined by the
quaternion q.
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The above matrix is used to transform ve.trors from the inertial
system to the missile body-axis system. There is a one-to-one correg-
pondence between the matrix in Equation (A-18) and the quateranion q.
The following relationships may be established by comparing Equations
(A-18) snd (A-29)

This correspondence shows that the set of all matrices of tke form
of Equation (3-29) is the same as the set of all transformation matrices
obtained by Euler angle rotations.

The standard Euler angle A, ¥, ¢ (Figure 1) can be computed from
the quaternions by the following relationships:

6 = sin-l (-2 (ele3 - eoez)) (A-30)
2(e,e, + e.e
v = tan'l( g—; 22 3) (a-31)
2 eo + e1 ) -1
2{e.e, + e.e
& = tan-l( ( g 3 70 l) (A-32)
\E\eo + e3 ) -1

which can be established by cowpariug the transformation matrix using
quaternions to tite well knecwn three parameter Euler angle transforma-
tion matrix. Simiiarly,

e, = cos ¥f2 cos 572 ces 8/2 + sin w/2 sin 6/2 sin 072

cos ¢/2 cos 612 sin 672 - sin $/2 sin 5/2 cou ¢/2

1]
[
h

e, = cos ¥/Z sin 2/2 cos ¢/2 + sin ¥/? cos 52 sin ¢f2

e, = ~c6S ¥/2 sin /2 3in 672 + sin ¥/2 cos 5/2 cos 0f2 . (A-33)

4, Cavley-Klein Parameter::

Tlis section wilil lay the groundwor¥ fer the aaxt cection
whare the relationship between the angular rales p, q; and r end the
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quaternions will be develcped. The basic ideu of the Cayley-Klein

paramzters is to represent a real rctation (or transfcrmation) with a
2X2 complex matrix iastead of the usual 3X3 real matrix. Thus, analytic ‘
operations are greatly aimplified. Consider the following complex

matrix
hyy %5,]
g =
R Baal - (an36)

Let the matrix have the following properties:
a) H is a unitary matrix
by gl = «1.

Then from taec unitary property

H*H =1 = § H* . (4-35)
[
fhus
r -
P v * -‘ "
11 hyy ! 'hu hio 1o
! _ Y
Je * =
. H . s

Expanding 2né equating corooisaty

| [P— . ikt P o PR NTORV R PRI SN
B T e

* *

By, By + By By, = 1 (a~37)

".': h . ht\- h . 8

:111 12 T oy Dyy = 0 {A-38)

G h.. +hel b, =t

312 44 + 22 %91 = ¥ (A‘39)

PR Y h_ h 1 403

oo Byp * Rys By, = . (5-40
%S

. e dmenem e RIS T &
P S g il ool )
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Note that the left hand side of Equations {A-38) and (A~39) are the
complex conjugates of each other, thus, there are only 3 independent
equations. Now from the fact that |H| = +1, we have

- = . . =41
njp By = By Byy =4 (A-43)
From Equation (A~38), we havs
n k
B g?;g (A-42)
LI 12 :
Then vsing Equations (A-41) and (A-42)
* % By,
(h11 h11 + h21 h2;) ;?;— =1 . (A-43)
24
% *
Since (h13 nll + h21 h21) = 1 fiom Equation (A-37)
g = -y (A-44)
Simiiarly
bzz = hll (A-45)
Sc, the matrix H may be writien
!' Ry 7] }
d=1 3
T = *
i hlz 41 J (A~46)

The quantities h h h

11t 7127 eyt 2
Kiein perameters aud are in gzenercl complei numbers which can be detined
by the two compl:x rumbers

anc b, re nsually referred to as Cayley-
22 Y
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hyy = Cy + iC;
hy, = C, + i€, (&-47)

and the matrix H way be written

CO + iC1 C2 + 1C3

i
il

-C, + 1iC

2 3 C0 - iC?J . (a-48)

Nouv consider a matrix P which has the following form

2 x - iy

I*g
i

x + iy -z (A-49)

where x, ¥y, 2 are real numbers which can be viewed as coordinates or
components of a thraze~dimension.l vector (X, Y, Z) in Euclicdean space.
Since P is Herm’tian, the transpose of the omplex conjugate of P is
equal to the matrix P and

P*=p . (A-30)

Now, consider the similarity transformation of P of the form

PempH

=54

(a-51)

!

The foilowing properties oZ P are invarient uuder a similarity trans-
formation: Hermitian property, trace, and det2rminant. It follows P'
must have the fellowing form

L x' + iy’ -z' . {A=52)
Since
2'] = Il (a-53)
51
—— e - Lecranth e e s 2 2
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it follows

2 -I—y2+22=x'2+y'2

+ 2z . (A-54)
If x, y, and z are components of a vector, then the length of the v;ttbr
has not been changed by the similarity transformation. Then from
Equations {A-49), (A-51), and (A-48)

z' x' - 1y' Co+ic;  Cp+1Cy z x-1y] [cg-1¢;, =¢,- |
x' + iy’ -z! i -(:2 + 103 (10 - 1(:1 x + iy -z c.‘ - 103 Co < lc)]
(A-55) .
Then from Equation (A-55), it can te shown E
' [c2 - ¢ -c?+c? 2{c,C; + S,C4) 2(cc~cc)ﬂ x :
x 0-C-C*C of1 + <53) 1¢3 - Cof ;
2 2. .2 2 . ,
y'| = 2(czc3 - °o°1) Co=Cy+C5-Cy 2((:102 + °3"o) y .
- 2. 2 2 .2
z'J L(cocz + c1c3) 2(c1c2 - coca) Co+Cy - Cy-C3 z J
- - (A-56) L
Using matrix notation
x! x
y'l =aly !
Lz' S (4-57)

The matrix A satisfies orthgonality conditions. The parameters CO, Cl,
CZ‘ and C3 may be related to results in the previous two sections by

comparing Equations (A-56), (A-29), and (A-18).

Co=X=2
Ci=8=24
C2=n=¢

(A-58)




-
»

A —a —— —~

I ) - —
w — T w"wv-—-— e et ] “W
Thus, an equivalence has bdeen indicated between the real 3%3 matrix A
and the complex Z¥2 matrix H.
1t will now be shown that the multiplication of two real 3X3 mat-
rices corresponds Lo multiplication of two associated ZX2 complex mat-
ricas. Consider the reed Lransformaticn Ly the 3X3 matrix B
=BT . (4-59)
Now iet the associated 2X7 complex mutrix be E]’ s0 that
P-H RES . (A-60) 11
58 =3 :
Consider a seccrd transformation A associated with gz ‘é ;
‘;E‘li = ,‘i% :‘: ,
p'' ~ H, P alo. (4-61) i
= =2 = =2 i 3
~‘;, k
Now substitute Eguations {A-59) and {A-60) into Equaticn {a-61) ? )
T =ABRT (A-62) :
' .y B PEH (A-63) ?
=~ 2221 ==1 =2 : X
but A B = C and H, H, = E, where C is 2 real 3X3 watrix and H, is 2

complex 2X2 matwix having the form of Equation (A~45). Thus, the
multiplicatiocn of two real 3X3 matrices rorrespords to the multplication
of two associated complex matrices in tae same oxder. Thus, there
exists a group isomorpaism betwecn the maltiplicative group of 2ZK2
matrices of the form of H above and the 3%X3 real orthegonal matrix.

‘the 2X2 complex matrix which is cssociated with & real 3X3 trans-
formation matrix «will be used to derive the correspordence between the
angular rates p, G and r and the guaternions eg; ey ey, ey in the

next paragraph.
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5. Relation Between Quaternicns and Angular Rates

The transformation matrix using quaternione has been developed
in the preceding section. Since the body-axis angular rates p, q, and
r determine the orientation of the body-axis system relative to the
inertial system, the relation between the rate of change of the quater-
nions (éo, él’ 62, é3) and the angular rates (p, q, and r) must be estadb~

liched. It was shown in paragraph 4 that an orthogonal transformaticn
matrix wmay be represented using the Cayley-Klein approach by a 2X2 matrix

C0 + iCl C2 + iC3

§=

[. -C, + iCq C, - iC . (A-64)

Then using Equations (A-64) and (A-58)

-
v, s g in B+ 1i¢c g
c052+1cosysin2 cosas1n2+1\.osasin2
E =
-cosssin%—+icosasin92— cos%-icosysin% .
(A-65)
Now let u = Ay be an infinitesmal rotation. Then if we assume cos
Au/z = land sin ~./2 = Au/2,
1+é-5cos-y 4TS cosB+ié-Ecosa
2 2 2
H =
—€
[-%E-cosﬁé-i%&cosa l-i%&cosy . (A-66)

Now assume that the rotation Ay occurs during the time \t. If H is the
matrix at the beginning of the rotation, then H H is the matrix at the

end of the rotation, and the time derivative of H may be written

dﬁ Lim Ee H-H Lim
dt - At=0 At = At 50 (-’ie - -—) 1 (a-67)
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then

i cos

i _
dt

N =
& &

-cos B +1cos ¢

Because dy/dt is the scalar quantity of the angular velocity vector,
the p, q, and r components of this velocity vector, as defined in

Figure 3, are given by

Therefore

Co + l'.C1 C2 + 1C3

il
N[

c, - iC

-C2 + iC3 0 1

Expanding and equating like

dp

P = 3f cos Q

ir q + ip

-q + ip -ir

components

c,p ~C

3 q - C,x

2 1

-Czp + C3q + Cor

]

[g] . (A-68)

w WP —‘ﬁ-
7 cos £ +1 cos
-1 cos ¥

(A-69)

(A-71)
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Then using Equation (A-58), the relationship between quaternions and
angular rates is

(De
i

= -1/2 (elp + e,q + e3r)

e
\

) = 1/2 (eop - @, + ezr)

e
f

- 4 -
2 1/2 {esP + ¢4 elr)

=1/2 (-ezp +e;q + egry . (A-72)

(De
W

It will be recalled from Paragraph 3 that tha quaternion q = ey + ie1 +

je2 + ke3 is a versor which implies

lrelrelies=1 . (A-73)

Equation (A-72) is used in the compsiter program to compuie the rate of [
change of the quaternion comprnents subject to the constraint given in

Equat ‘on (A-73). The matter of a constraint is pandled computationally
by rewriting Equation (A-72) in the form

L]

é -1/2 (elp + e,q + e3r) +Kee,

0
é1 =1/2 (eop - e4q + ezr)-+ Kee
é2 =1/2 (e3p + eqq - elr) +Kee,
é3 =1/2 (-ezp +e.q+ eOr) + K¢ e, (4-74)
ﬁ where
e=1- (eg + ei + e§ + e§> (A-75)

and where K is an arbitrary real, positive constant. The program uses a
value of K = 100 wbich was found by empirical methods toc be satisfactory
for all cases tested. The vaiue of K may be medified in the program by

reading it in through one of the csubroutines supplied by the user. How~
ever, large values of X should be ayoided because the result will be an

unstable solution.
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Appendix B. INTEGRATION ROUTINES

1. Introduction

There are three integration routirz:s supplied with the main
program: Runga-Kutta, Runga-Kutta-Merson, and Hamming Predictor Cor-
rector. The user selects the desired integration routine by an input
data card. The step size for all three routines may be altered by the
user at any point during the simulation by redefiuing the FORTRAN vari-
able DT in a user supplied subroutine which contains the common block
OTHER2. 1t should be noted that ail the integration subroutines have
identical arguments in the call statements but that some of the FORTRAN
variables in the argument 1i:t may be dummy variables. The equations
to be integrated are generated by the EXTERNAL, SUBROUTINE DESUB (TrIME,
X, DX).

2. Runga-Kutta Integration

The Runga~Kutta integration routine is a fourth order method.
The call statement ic of the form

CALL RUNGA (TIME, X, DX, R, DT, DTMIN, EMAX, NT, IC, SMAX, DESUB)

The set of equations to be solved is of the form

X, = fl(xl, SR :)
X, = fz(Xl, SN % t)
= fn(xl, SN & c) . (3-1)

Then the equations used in fixed step Runga-Kutta integration are

X(tK + 1)i = X(tk>i + 1/6 (xﬂ F 2R, 42K+ Kia)

i=1,2,...,n

- —, ——lh . P ol o - l:‘-”_-
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where

RKig =B~ fi(xl(tK)+ K/2° Xz(tx) * Korer o e e xn(tx) + K2t &

+ b/ 2) (B-2) ‘

/
K;y=h - fi(Xl(tK)+ Kip/20 X2<tK) + Kpprgo - v o xn(tK)+ Kazs25 &
+ h/Z)
=0 fi(xl(tK) K5 Xz(tK> *Kygs e e Xn(tK> PR it + b) E

where h is the step size and t

K

K denotes a specific time at step size h

intervals (tK = K.h where K =1, 2, . . ,). }

This program has the advantage that it requires less com-
putation than Runga-Kutta-Merson and is faster when there are no
fast transients (relative to the other transients) which die out and
force the use of a small step size. The program also has the advan-
tage in that the user can determine what stage the computation has
progressed to in the subroutine by testing the variable R(4). The
variable R(4) has the following significances: R(4) = 1.1 implies

Kil is being computed (starting with subroutine SEEKER), R(4) = 2.1
implies Ki2 is being computed, R(4) = 3.1 implies KiB is being computnd,

and R(&) = 4.1 implies Kin is bteing computed.

i 3. Runga-Kutta-Merson

The Runga-Kut.a~Merson method is a variable step size program
which in certain situations is potentially faster and more accurate

than the other methods.3 This method is a fourth order method which
uses the following equations:

3Martens, H. R. A Comparative Stucy of Digital Integration Methods,
Simulation, February 1969.
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Ry = U3hE {Xl(tK), X, (tK) A (cK); tK] :
Rjp= 1/3h £ [xl(cK)+ Kyq» Xz(tK)+ Rpps + » + s Xn(tx)+ R 3 b + h/3] 2
Xip=13hE [xl(cK) + 5K+ 5K, XZ(tK)+ 5 Ky,

+ '5'K22’ . e e, xn (tK)+ .5 Kn1+ .5 an; tK+ h/3]
Y3h g, [xl (tK) +3/8 R+ 98K, Xz(tx)+ 3/8 K,
£ 08 Kyy, * ¢ o Xn(tx)+ 3/8 K j + 9/8 K 55 t + h/2]
s = 1/3hE, [Xl(tK)+ 3/2 Kjy = 92 Ky + 6 Ky, Xz(tK) +3/2 Ry,

; -9/2K_+ 6 K24, e e e xn(tK)+ 3/2 Knl - 9/2 Kn3

1

41

>4
§

popiac o SO S

: 23 i
X then S
b i
| i X (k+ 1) = X, (k) + .5 (Ku + 4K, + xﬁ)
1 i 3
; g where i= 1, 2, . . ., n £
i The estimate of the truncation error is 3
e = - 9/2 . - 1/ .
=)y - W2 e Ry, - 12 Kys) /5
3 The step size DT is changed by the program until SMAX, the maximum

element of the set [Iell, |€2|, o o ey leni}, is less than EMAX, subject

to the restriction that DIMIN = DT where DTMIN is the minimum allowable
step size, TIf the computed DT is less than DTMIN, DT is set equal to
DTMIN. 1If SMAX = EMAX for three steps in a row the step size DT is
doubled, and if SMAX 2 EMAX the step size DT is cut in half (DTZ DIMIN).

The calling statement for the Runga-Kutta-Merson integration
routine is of the form

b ~ CALL RKMER(TIME, X, DX, R, DT, DTMIN, EMAX, NT, ic, SMAX, DESUR).
] The parameter R(4) has a definiticn which is very similar tc

the parameter R(4) in the Runga-Kutta routine, The variable R(4)
has the following meaning: R(4) = 1.1 imolies Kil is being computed,




R(4) = 2,1 implies KiZ is being computed, R(4) = 3.1 implies Ki3 is
being corputed, R(4) = 4.1 implies K14 is being computed, and R{%) =

5.1 implies K 5 is being computed.

i

4. Hamming Predictor Corrector Intergration

This integration routine is a modified version of IBM SUB-

ROUTINE H'PCG.4 The subroutine is basically the same except that it was

changed to be compntible with the other integration routines.

Hamming's modified predictor corrector me+thod is a fourth order
method using 4 preceding points for computation of a new vector of the
dependent variable X. A fourth ovder Runga-Kutta method is used for .
adjustment of the initial step size and for computation of starting ”
values. The routine automatically adjusts the step size DT, halving or . ;
doubling, If the step size DT is halved more than 10 successive times, -

an error message is generated,

The calling statement is of the form -

P L i e e e meeo— s

CALL HAMPC (TIME, X, DX, R, DT, DTMIN, EMAX, NT, IC, SMAX, DESUB).

/

EIINE

LERT

4IBM. System/360 Scientific Subroutine Package (360A-CM-03X)
Version III Programmer's Manual, H20-0205-3, 1968.
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THIS 7ROGRAM IS A GENURAL PJRFGSE PRIOGRAM FOR THE 6C SIMULBT[ON OF
TERMINAL HOMING MISSILES

COURDINATE TRANSFORMATIONS ARE HMAUE WITH QUATERNIONS

Il
N

THE- USER -MUST SUPPLY -THE FOLLOWING SUBRGUFINES~ - —~- —-- = -
SEEKER
TARGET SR - - -
FORD

-MRT- - - .-
STREL(

- H&}.. .- o s e - — . ——  ——— & ———— - - ———— . —— —— ———

r - Y T T T T TR T T T
& e PRES R -HAINAETHPY T- O U T AR E S INPU T TARE 6560 TPU Ty PR ER—— — —-

USER INSTRUCTICJS- FOR THIS PROGIAM MAY B3E FOUND IN RE~TR~72-16

21 SEPTEMBER 1972, US ARMY ¥ISSILE COMMAND, REDSTCONE ARSENAL,B8Y .
BR. LEWIS G. HINOR - - !
NDR. LEWIS 5. YINOR f

S o s ————— e S s @ = ae se e s —— e —— ——— ——— a = ——

———

L $.& % % ¥ F N ¥ ¥ BB 8 Y 3 ¥ ¥ S X ¥ ¥ ¥ ¥ B E S L BRI S

LIST JF VARIASLES USED IN FICGRAN ¥
3B % F U B S LY IEEELE S B YL EE S ST BTN LR

!2.)..9—.. - em e mr = o et et e—n——n - — — - ———— — ———— e emcs— e m———

X¢od=E2 - - R - : e e
X(53=£1

X(6)=€2 - . ce -

X(7)=£3

€ A (BFXE-BRF———om e e e —— —

¢ X{3=Yt 5OT

C X(13s=7 DOT .

C X{11V=.E

rns

nnonnmnnooo¢n¢nmnmnmononoonoo

"y

ity o

P )

G- HERIFHT- - mm s e s e — = - - e mmee .
C X{13y=2% {
€ Z{1) - I=144S5%x413. —ARE~THE -SEZKER- STAFES --cm—' — iiomm e —.—
C Xta J= 1‘9*5“937!—"7‘*13 ARI THZ TARGEY STATES
c - - .. an e .- .- - -
c
DIMENSION x{(53):OX5H - - - - - - - =
i DIMENSION TAG(R)
. - EXTEINAL -HELUB-— - - e e L L e e e el -
{ REAL MACH
' REAL MYy MY 47y Ko KE — .- - - - - .. .. -
REAL MASS 4
REAL IdsI¥TZsI2X% - ----- - - - - - . - 1
INTEGER SX,TX
-COMMBN S FRANS/ ~4{8} ——r - - - .- -
{ CO¥NIN /01ISPL/ U"lvﬂyDELXEyDELYE DELZE,XTEoYTE ZTt,RH
] COMMIN 7ANG/-ALFALBETASSISY «3EGZyDF1,0Y2,0P3,DY4
COHNCON FR8IRS HACH ¢VH o VS9GS+QST.QSRyRHD
COMSON #FRHD 7 FX g F¥gFZoMXeMY oy MZ,IX, 17241V 417X 4NASS
COMMON ZOTHERL /ITERL yDTLDTMINJEMAX,SHMAXy TMAX s PRNTI
CONNON/DTHER Y THFACPSIyPHIYKESS s ByS5K e TA KO g HAXPRY
4
62 ;




b | Nm'w“-—.m S

P
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- GOMAON £ INTE RELy — e e
COMMON/MIS/ RMIN

1- - - IVERA=L e am fe e o
RMIH=1003,
{FF=¢
iRAXPT=] .
e e SHARSETe = o e mmm s v —nr e - - ——
IPLOT=T
-- -IXI=t - - - -
G
CHr 2 2 8 3. X. 3 R 3. % 3. 3.3 2. 3% 7 2.5 3 2.% 3 % 3 28 % 8 %8 3% 0 < %
c ¥ IEAD INITIAL CCHRITIONS ®
=2 WQWMWM
c» IF TUPTN=2,STANDARD+SPECIRL PRINTOUY/
L
3

CYIF INTOPT=G, FIXES STER RUNGA-KJT A INTEGRATION USED
£+ - . 3F INTORT=1y JUNC LK UITA=MERSON- L NIERGRATION USEY———— ——— — el
c* I INTOP{=2, HAMMING FREDICTIR S0RRECTOR IMTEGRATION USES
.c_z__c_#_,_c!i__t ¥ 23 % 33 g % £ Y 3P N3 Y I 2.2 8L VI YD
READ (15,2013 Sy TX
. RESNE5,800) (TAG{I}.(=1,8). . . ; ..
839 SORYAT(8AL()
IEL3X.T3.0) TALL EXIT . ..
REAT({5.231} I0PTH,INTOPY
X E S ¥E B e e e et o o e e —n e omams o o o ———
NSKLI =NSX +1
NTEX = TYESX . - . - =
MT=5213+TX 413
READ (G921} .TIMELFHI,THTA4P3T . . . . . 3
READ {Se11) UgW 9% XTL) oX(2) 47 {3}
i e - REAS IS AN LR e KL 2 G NI e —————— e s
READ(S,515 (X (L) ,Is14,N3X2

L]

REAJI(C4114) - {4 {I2 o T2NSXL - NsS . .. . - . - S
C
£ #5835 0 5 % % 5 63 38 3 35858 463 4355553533 %35 385333
c = RSAD STEF SIZE, PRINT INTERVAL, AND MAX YINME 3
L ¥ 23 7 3 78 38 % 33 3 3% 8283 23 8% 8 8 89 & 8% 0
FEANLS,11) Gy DIRTHIEMAX 9PRNT I THAX
R1AD{5,24313. 4ax°Y o e e C - v e . —————
C
C* ¥ %3 T3 8 5% 4T 88 8 CEF LI I FFEELEIEFSIE LS
c * NTHER CINSTAANTS *
L N* ¥ 38 25 3 % %S 3 EIS R T NN BN RIS
02320174608
XASTPT=YIRE. .. . . —emeem e e e - . - e —
K=4019,
Is=0 . . ——- .. et s 4 mamms = e meemm e tee s m ea .- — -~ -
c
C &% % % ¥ £ % 8 L ¥ ¢ 8 4 8 3 2 8 ° 3 T 253 35 5335 3 3 3 ¥ 8% %8 5% &
cC =+ coOMPUTE IC TR gﬁ,‘:lo&?g"’,?!ﬁ,ﬂ\':ODZE *
C * 2 % %8 % % 3 % 8 3 3 8 5 5 5% 8.3 383 8 3 23 3 % 2 30 5% 8% 53 %8 8 2
COSPSI=00s(eSLr2.)
~COSTHI=COSITHTALZ &} Wi e — e e m—— o+ e e e —man
COSPHI=CUSIPHI/2,)

~ SINRSISSIMPITIL20) ot e e n ot e e —
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- ———— -_Go .fﬂ. .3,?..- - - — o s 8 ——

- s SENTF ST FHE A AR T e .y _—
SINF“I—‘SIN(FH[/Z.)
€ ED
X&) =COSP JSTH"'COSPH’*SINJS'"SINTHT’S[NPH’
o £1 - -
X{5 OSPQI"CQSTHT"QINPHI‘SXNPSI" SINTHY*COSPHI
6 ER - - e e et e et e e et smmmmaw e o e -
X’&) CUSPSI"SIh"z\T‘LGSPHI+SLNPSI‘CO.)THT*SIKPHI
v E3 - _— e
X '7) =°C03PS"‘5 INTHT‘sIhHHI*SINPSI"COSTPY "COSFHI
- GALL SFTOEALA;-X14) XS o X1B) 4 XIF)) - - —-
CALL MULTIX(8? 3X{9),X310) AUV}
m s AL ES U BT EIN TG G e — v ————
R{13 =07
G0 76 -5¢3 -~ - - s -
C
~c---¥ L S ST P P N S e SR AP SN TN UOE SN Py SRS TP JNe S JEE TP JER-EEE SR NS SN S B 'R U TN SN UGN SR 3
g * START INTIGRAT L{ON LLCF *
cx, [ S U VI JUS TRV Ty I VEE IS I DUS NS WSS N D I S SR VY W THD W DN WO U 5D Wp-uy WIS WS SNy S WS - W
g GONT INUE
- ITERA=ITERA+1 - - - = - - -

IF(INIOPTEQ.2} GO 7O 30
IFETNTWT.ER.2)Y GO-TO 3t -
CALL QUNGL(TI‘iEQ PRUNEY 4 ,DT?DTHIN.CHA-.sNT;IC;SHAX,:’ESUB’

3y CALL RKMER/TIME ,x DX,RQDI,D HIN}:HAX NT Ib'S"AXQOESUB!
- -~60¥06 32 -- - - = - - - - - - -
31 Chty HAYPCH TI"F,Y,DX 'R DT.DTHIN-“HAX,W:IC.SHAX.DFSUB)
32 - COHT INUE - - -
C;‘;;"“".".‘&"}‘;;"5""".:"‘$"
6 &Koo PREFR&M PRIN F-BUF - — wmeoemem e - i
cl#&##‘!l'!’i!i!blD‘!«‘}l#!"’-(l;f:l'##l
IFATIMF LT MASTAT LAND S JITERACNE 1) &0 ¥o--431 -

514 XASTOT=XASTPT+PERTI

- -~ JE4EBRAINAE -0 TO-H6IF- - e - . = - e e

IFLIVERA,NE. 1) 60 TC %12
- HRIFE LBy 86 L TAG Iy Sty B —— e e e —— —

831 FORMAT(1K1,25Y 43810/ /771

- © HRATFF (64204 — DTy TR INVERAX T RAK v FRNTI-- - —_— s aeem e

512 ERITE (6,12 T IME
HOIYE(Os f4ed VHMHAGHSXE24) 58128 -XELT)
THTAZBEST L =2 ¥ (X{S}*Y (75X (%) *¥iE}))

~ PSIS A TANZL 2R EKLT ) U463 L) X d 7 3D og 2 EA KT L ) 2 X0 S XA S) B) (B patu) -~

PHI=ATANZ (2 ’(“tﬁ!'X(f)*’X('&)""(D))zZ-"(Vik"x{b) IS REE 4 B EFI
HRIFE{E+5565) FHYAPSI,BHI- - = . - - -
ARITELLAS0C) 3472 WALFA,BLETE
HRITE(He 16> QCEXEUELYE ¢DELZE oF LoMX - e e = .- -
WRITE (16,5038 X {1} ¢X{2),X13),FY NY
—HRITE (A O023--DRE VY2 g PRy P2y — - o s e m L
HRITZ16:533) IP34DY4,SIGY,S5IGZ,.KE
IFCIGPINSGERe N—69 TO 781 -- -~ - - D

613 CALL HRT (TIME, . 0%}

731 IKMXPT=IHRXP T+ 1 - .. e -
IF(IRAXPT JALE.MAXPT) &5 TO i
HRITE (G 8 - AP E e e oms - me m—n -~
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> ——————————_ 148 2 St

s e s XPLATEL. e e e

- £0-¥0 d-om - = e - —_
3] GONT U .
CALL STRPLTLTIME o X oBX%yEMISS, IRLIT) - - = - o o e

IF/IPLOT.EQ. O} £O TO 637
IF(THISS) 605v605¢606
637 CONT INUE
c - FFATIMEGYLGT AN GO FO - e e - -

Cl'&"l"5&#5‘¥¥¥¥¥¥!0’l‘ll"‘.¥¥‘(¥(‘3‘

»
&* -LOWPUTE . HISS DISTANGE - - — - - - L
C'-‘lv}’f“"‘l”";'..“"’"'Q"“.".'
— e AR L 13- B0 e B0 TO BLR - - m e e o cee e e e
TFUIXIERela? o3 Y0 b1¢
e R GUES G L QR K 2 L 2 DR YR E L3 0D G LS 22— .-
HRITE(£:609)
--*-%MW“M -
HRITE (9, 309)

S19. .- FORNA TN/ L EX XWX K KK XWX A AKX X X KKK AN -s5- —
XA L XX XX XA XX XXX XXX XXX XXXXXXX XXX X3/
610 - —FOREATLY .  DISTANGE-FRON TARSET-AT EARTH-IMPACT =% ,E1. 1ty ¥ FEETEA
1% 7 XEZ®,F11 445X 3 ¥YE =%,€11,06,5X4%2E =¥%,E11.4/7)
cl9 FORMNAT(/Z£/7% X X X XX 7Y X X XX X.X X XX X XX XX XX XX
1EARYH IMPACT POINT X X X X X X X X X X X X X X X X X X X X X
B IXI=0- . -
€12 IF M, GT.SO ) GO W
L IFRI.5Te3308) 1= . ‘:‘.‘__}."_Tf’_p_fi‘.‘_
IF(RM,GT PHINY TFF=IFF+y
IFLiFF.LGT.20) (0 TO 60% -
TFiNMINGLE.R¥ GO TO %502
. DXMINzIELXE L
DYMIN=DELYE
- - - DIBIN=DELIE . - e i et i -
RHIN=QH
6813 ene -
631 NRITE(6,322)
—_— HRITE {6,303 . PHINSDXMINL.OrSIN,2ZHSN . ..
HRTTE 164910}

IRISS=S :
E0 TO &2 .. .

635  SONTINUES

- [rEs I o 2 S . .

619 IFXi1) 4LT.53.3 G0 TO 632
Tl lT=e . _ e e -
IMISS=1
MRITS 643023 ] L
HWRITE (R4 605)

HRITF(BeOABY - —— - o e .

- Amemmt v o e e o A i o v e e oap — ————

- — — s w— a i s e i —— ¥ % e—

60 T3 &l
506 -~CONTINYE-—--. o~ - .- ——- ————— -
GO T2 1
232 CONTINUE - . o — i — e et eeiee e
40 710 ¢
a3h FORHAT (/7 /AX 43 A ESS DISTANCE GREATED-THAN S0 FEET. - — ___ . 3 —
332 FORMATUI///1K,123H4 4 4 + + # 2 & € ¢ 2+ 2 4 £33 4+ 3+ 4+ % ¢+ ¢+ +

CAMLSS DISTANSR~a b S St .2 b b b & S P S B 8 2 & b b b & S
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(h°Y13¢= IHdHL ¢ X0 ¢h*TT3¢=

EXG*H*TT3 AOISHsYXGQ*9*T1T3 =

xm.a.««w.n BINVYHLEXS ¢4 T13¢ =
X649 *1T3t= UYHL XS54 h*TTA=
XG49°TT34= 3ZN3CHLXG H T3¢ =
XGg¢9*T13¢= xxu,xw.s.dﬁw.u

Xg¢n*173¢= IXHLEXG ¢ H*TT3%=

i

- - INTYDHLTAXG S 90T 4¢ = Il -X¥H
8°TV4¢ = 37IS dALS WNANINIWKGZ®
(

40 3IDYNCSIY TYNOTLYN 3kl IAVYS OLHIO*X2e/(HT*314)SUIN0 LRTUd JC &IBWT
NN KNHWIXVH 3HL 030339X3 2AYX NOAHTG KGE/ waehf *X00 T uax H0//) LVHEO0S

(474 + 4+ ¢ + 4+ + + + + + + +
PR TR IR TR TR I R RN R T i O

A
IVIHOEIXS*H*TTA¢= IZT1I0HL XSG
/71333 HGY9°TT3%= 1398V1 JHL Ol HOVC¥daV LS3SOTDHCE *XT//)1VHIOS

U - - S ¢

uUN3
ISAHZ*X& 9 *TT15¢%= VYLIKIRHL*XTIIVHL0S ¢0g
(H*I13¢= INHLEXGEN *T T8 7O1I8HLX
HACHZ*XG¢Hh*1TH¢= CAURLZ* XTIV WO S gny
(9 T T3¢ = ZRH. XS *h - TT 34 = Z3HedT
CAOHZ*XG 4 TTY¢= TAOkLEXTYLYWAOS 2la
("*773%= ARNHZ ¢X4ath* 11 35¢= ASHL'T
EHL G %640 *TTI¢= JE2EXTI LV A v(e
(h*T73¢= XWHZ XG40 1T 35¢= XdHEST
AATIOHL XSGR TTS 4= SXTACHLeXTILVKYO Y ct
(*TT134> VYi3UHLEXG*0 T1 54 YIRUHLCT
AHZ S ¥G¢h T 3¢= NRZ4XTILVIIDS N
(b T13¢= AZHZ XS 4w TT 3¢ = IA4L0T
HOUKNHL S x9*9*TT34= KARZSXTILU WSO S &7
0SS HEéh*g4s = JDHTILFL X067} 1UWA0S £T
(//9*0T4* = WAYZEINIC
SETYHUTZG01T 4% = JOXUS -WARIXTYWHOT ¢XG*T
XGéh ol gd = 371IS Jd34SH2TX2//)LVKWE0S H{2
OILUNIHWEIL ONIZH SI NTY SIHI S3z8l ¢
1K)
PR S K 2 T T T T S T S R N O §
+ 4+ttt ta/IIVRIOS C76
{(C*NT48)Y1Vvky03 17T
(012)iVkdOd e
{HOVDAdady 1533070 40 INIOd 2
*TT3¢= SATI0HL*XG*H*TT 3= IXIZ0HZLXT/T
gee
- - - ¥
8
~.
. - W
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SUBROUTINE 3FTFOEA (AyEyyeEdyi2-vE3?
DIMENS™ N 8(1)

CL8=F

£13=E1*F1

E2S=E2%c?

E3S=F3*E3 .

E12=F1¥E2 - - - e e i -
EU3=EI*E3

F13=£1¥%E£3

£32=FEJ¥E2

E23=FE2%¥23

E01=£8%=1

DL S EeIRELISNE 2SAEIS - s e -
Al2) =2, {E124523)
AUII=2 BLF 13 ~T02)e v ¢ s e e
A{LY =2,%(£12-S03) .
A{5) =E4S+EZS~T1S~E3S . . i
BLE) =2.%(E23+¢TL 1) .
A7) =2 {E134242) . i
A(8)=2.%(E23-E 1)
A{9) =CLS+E3S-T13-E2S
RETYRN

IND

W

A LA,

Wapi,

[

SURAJJTINE EGTGIF (AL 4EusE1e224E3)
TTHINSION AT ()AL

CALL AFTGEA(A,EI4E1,52,E3)
AT(13=6(3)

a1i?)=4a(4)

AT(3) =2A(7)

Al{e)=4(2)

AT (S} =A(S5)

AT(5) =A(8)

AI(7)=AL3)

AT(3})=4(5) 3
AL(S)=A(D) -

RETURN . - .-
oND

fabe
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N3
befif 3y
(WAL LU SHe3N20%L9 =yA ,
Oddal (1)L = (T+121) + (D)Vi =W31
dAada (1) - (T+110: 4 (130 =Nkw
HHIMA = (2+10MV/ 01V A = F) =caDeo 91
SNRTAINCGY DY 3
hT 2L €Y A.H¢hv»..w.~u1.02e.ah~r.hwsTvuu
: ci¢1=1 1 OC
(CThA=h ((EDYA“LIL k) 4
,v : ) {TYA=h t(TYACLTI* M)y 2]

.aﬁ«.b.gaﬁ.b..o.b..m,h.ﬂkvb..o,h..m.h..¢,b..m.h.Amwh.“qw_ vivO
/G~32TC0 063696 4G=TELT Y020y *4E =TT C 63 =586
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CATTICCANTIO (BICE (BIGE IO LSIUY ()Q% (%) *UEIC? (L) I (THC yavL
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_ __SUBROUTINE DESYB(TIME 4X,0X) - :
REAL MACH$KEIXy1YoIZoIZXoMASS Ky MX oMY HZ A
INTEGER SX,7X
GINENSION Y(1) DX (1)
COMMON /INTZ Ri4)
COMMON /XX X/VK2
COMMON /TRANS/ A(9) i
COMMON /DISPLZ Uy VoW, DELXE,BELYE, DELZE,XTE YTELZTE,RM
COMMON /ANG/ALFA,BETA,SIGY,SI6Z,0P1,0¥2,0P3,0¢¥%
COMMON FAIR/ MACH,VH VS, QS;RS0,QSR,RHO
COMMON /FRMO /7 FXoFY oFZoMXoMY 4MZ s IXoIZo LY o IZX o MASS
COMMON /OTHERL/ITERA o OTsDTHIN, EMAX9SHAX. THAX, PRNTT
COSMON/OTHER2/ THTAyPSIsPHISKE 59 D9SXs1XsKeGy MAXPT
CALL EATOBF{A, X (&) 94X (5)cK(6) X (7)}
UA=X (8)
VA=X(9)
HA=X(10)
CALL WIND (TIME 5Xy0XyUAsVA,HA)

_CALL MULT(UsVyH,A Uy VA, HA)

C* 23 % 2 3 33 53 533 3 33 35 335 %5863 % 88 308 88383 8s
cC*® COMPUTE LOS;TARGEY MOTION USING EARTH COCRDINATE SYSTEHN hd
C % % 3 8% 5 % 33 3 38 3 3 8 33 3 58858 80888 3% 235 3855 %2383 2383

CALL TARGET{(TIME . X.OK}

DELXE=XTE=-2{11)

DELYE=YTE=-X{12)

DELZE=ZTE-X(13)

RM=SQRT{DELXE*DELXE+DBELYE*CAELYT+DELZEY¥DEL 2E)

SIGZ=ATANZ{DEL YE,CELXE)

SIGY=ATANZ2(~-DELZE,,DELXE)?
C
C % % %% % 5 % 8 55 8 % % 5 58 % %5 8 5858935 55 %553 5 %5885 3% 588
c=* COMPUTE SEEXER DYNAKICS AND BOOY FIXED WING COMMANDS ?
C % % % %3 5 %5 58 3 %5 %8 5 3 5 5 %3 858 3 % 8 863 53 55 8 %8353 853 38

CALL SEEKER(TIME . X,0X)
C # % % %7 8§ % 3 35 %5 % 58 %35 8 88 3% 8 3%3 3 3 %35 55 35 533883238 %
c * COMPUTE RHO AND SPEED OF SOUND AS A FUNTION GF ALTITUOE +
C % % % % 5 ¥ % 35 5 % % 8 %588 88 8535 B E EN T 43I EDN
- “H==X(13)

CALL AIRTAB(H,RHO,¥S)

L VMZ=URU+VFVeNEN

VM=SAIT(VYM2)

MACH=VM/VS
c
C % 5 % 33 5335 58 5 5 % 3 3 88 58 %5 3 3 5 558 883 %5888 358388 5% %2
c = COZPUTE ANGLSE OF ATTACK .
C * 52 %5 3% % 8 335 5 %5 55 35 33 5 %5 55855 335 588 588885 8S

IF(YeZQe b)) U=1.E-20
ALFA=ATANZ iN,U)
BETA=ATAN2(V,U)
t ¥ % T EEE R B Y SRR LSS NSRS TS

* COMPUTE FORGES AND MOMENTS IN BODY FIXED SYSTEM *

2 % 5 F X FEE SIS TEEE NS YETE RS Y LTS LD
CALL FOROM(TIME,X,DX)

OO OO0
-

¥ B ¥ ® ¥ 3 FFFFEEFEE LI LTI T EY YT
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e 1aad

- §-% -—E BF—HITION-I-N-THE BOBY FIKED-SYSTEM+QUARTERNIONS-— —-———— - %
C P A% 5 % %% 5 % 3 3 4% %% 3 % %% 3 5% 8% 4+ ¢33 588388028 csw
- GME=MX-X(21*A{ 3 {IZ-T7) «X(2) #X( 12 IZX
LORYZHY-X (1) %X03) ¥ (IX=12) = (XLL) B L1)-X{3) X (2)) #1ZX
o~ OHESMZRA L3S KL BV IV <IX) - {2) #X( IV I EX- S e !
: DEN= [X*IZ-JZX* 12X
..e BP - - — e - e ammre e . A e s - - - . - —— - ——
oX(1) = (owx'12+naz¥12x)/nsn
.c GQ ———— - - - - - .- . — - o e e e
DX(2) =04¥/1Y
- € OR - e - -
DX (31 = (DHZ®T X+ DX 1ZX) SDEN
~S CONSFRAENT - - - .
KE=(1.=X (A1 ¥XEL1=X(5) $X(5)-X (B1#X(6) K (7} %X(7) )‘K
€ DE® - SRR EEEE
X (6) == 5*(X(5)‘X(1)+X(6)*X(2)+x(7)*X(3i)fKE’X(k)
C DE1 - - - - e e ;
ox«sx-.s'(x(u)'x(1)+x(5)*xt3) X(7)*X(2}) +KE¥X (5) '
e-pE2— - - - —— —— ,
DX (5) =.5% (X (4) $X{2)+X (7D *X{1) ~X{5) *X 13)) +KE*X (6) ‘
c 053_ . . - - - - e e o=
DXA7) =.5% (X (L) ¥X{3) +X {5) ¥X(2) =X (6) *X (1)) +KE*X (7)

¥ X F & ¥ ¥R TS RN YN Y Y EE TS PR Y YEYEYE
¥ - QHANGE -FORCES FORM-BODY-AXDE-TFO—FEARTH ~ — -~ cme— e s ol - B
N ¥ ¥ & % ¥ 3 3 % 33 R B YE R BV R NS ¥ E ¥ B E VE RN
CALL- BFTOEALA, X{t6) N ESHs X0} X713 ) -_— = -
CALL ﬂULT(FXEvFYEQFZ",AyFX' YyFZ’
ZE DOUL3LE DOF - - - .- -
DX(lJ)‘FZE/HADS*G
—5- 2E-68F—
OX€13)=X(1(}
C YE DOOUBLE 88F - - - -- - e = .- --- - -
DX(3)=FYE/M:SS
-€ YE- DOT - -- e -
DX€12)=..(9)
-~ XE-DBURLE B3 — -— —_—
NX(8)=FXE/MASS
C Xt 89Y - S e me m e e mieee e -
D‘((ii)"l(ﬁ)
RH=SQRT{DELX E* DEL XE4DELVEFOSLYE#DELZESDELZE} - ~ -
RETURN
. m e e— Eag—.-——- —

QOO0

(v
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13

29

135

119

24

135

333

3J)1

SUBIBUTINE QUIGA L TIME y Wy F y Wy DELy DELMINIEMAX Ny I6 9 SHAX 9 DESUB)
DIMINSION V¥S(50),C(L450)
DIMINSION V(1) 4F(1)4n (L)
IFIIC.GT,.() 350 1O 24

H=0%L

IFG=9

Wi} =H

W{2) =DEL

NH=2

W{3) =NH

GO TO 13%

RESTARY IF INPUT I3JFL HAS CHANGED
IFLDELNEJW(2) )}- GO TO 13 .
TIMZO=TIME

NG 14H I=14N -
VS(I)=v(I)

IF(IFS.5T %} Gu T 1% -
Wls)=1.1

CALL DESURITIME,ZV,F)

N0 113 J=14N

Cl1,J)==(J)*H

TIMI=TIMEC+H/2,

NO 133 J=1i4N

VI =St +S L v ) /2.

AlL)=2.1

CALL DESUR(TIME,ZV,F)

J0 1471 J=1.N

C(TLJY=FJ)*H

NO 153 J=1eN

VIJ)Y=VS{J)+3 (24,4072,

Wiu) =3.1

CLLL JISUGITIME WV ,F)

96 3Jv J=1l+N

C (I J)I=F(J)¥H

TIMZI=TTA.J0+H

AC 3J1 J=1,N

VIJ) =VS{J)Y+C (3 4J)

P{s)=+.1

CALL JESUB(TIMEWVa.T}

N0 3212 J=l.MN

Cluyd)=F (UY¥A

ng 233 J=i.M

VAN SVSI{J) #{0019J) 42 e FC(29J) #2.%C(34J2+3 (b oed) ) /6,
H{L)=1,1

CALL DJTSUB(TIMEVF)

N2 2313 J=1,N

CllsJ)=F (JI*¥H

IFC=1

IC=1

RETION

ZNJ
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SURRCUTINE MU_T{OUTX,0UTY,DJTZ,3, INX,INY;INZ)
REAL INX,yINY ZINZ

DIMZINSION R(Q)

QUTX=3(1) *INX+B{4) FINY+B(7)*INZ

OUTY =3(2) ¥ INX+2(S)*INY+2{B) ¥ IN7
JUTZ=3(31*¥TUIX+B(6) ¥INY+3 Q) ¥IN7

RETJRN

FIND

emee = BUBRIUTINE QUAERETFIME FV 5F 9 W IEL DELHINTEMAG NFIC3 SMAXFRESUD?
DIMENSION V(1) oH(4)42C(5+55) VS (501+F(1),E(5D)

c COMPUTE STOP FOR THIS INTEGRATION STEP
3 TSTOP=TIME+IEL
c SHECK FOR FIRST TIME INTO ROUTINE - c e e
10 IF(IC .6T. 0) G5 70 20 .
EMINSEMANS3By —mm= - = = e mmmme e mmmem o e—iee s ;
¢ _ FIRST TUM IN :
13 ¥ = DEL
1FG=0
NH = 0 . - -
Wiz} = DEL
~ =60 FO 185 = =t = = memm e .
c QESTART I7 INPUT DEL HAS CHANGED 1
2¢ IF(DEL NE. #{21)F- GO T0-43 - . -
= ¥(1)
NN’ H{3) : - - 1
¢ INTEGRAT USING R-K .
—€ - o= - GAVE ¥-TFAILEVALUES-IN-VS ARRA¥—-— —- —_— .

196 TIHMEO=TINE .
00 196 I=ieN .-
106 VS(I? = v(I)
IFCIFG.5T,. 0 GG TO 12¢

c FIRST $ASS THRU R-K COHPUTATION
- Mhr=tot- —- - e
110  CALL DESUB LTLHE S VoF) Y
: PB-119 JrL N~ — - - - -
119 Cl1,J)=F (%173, »

320 TIMESTIMEO+4/3. -
ra 13) J=1.N
- 433 - Vidre¥stp 4t yH———- -~
HiW) =2.1
CALL DESUBITIME,V.F)
DO 14) J=4isN
. 168 G2y P =F IHRBEZy - — — == - - e m———
’ D0 150 J=1sN
e 150 - VIIHSVSEII SR Hy 5B Ry - — e e
Wile) =3.1
- . GALL DESUBLTIME R} - -~ - — -~ - - -
DO 383 J=1.N
330 C(34J)=F{JI%H/Ze - - e -
TIME=TINFO+d/2
8o 50&——u-4~n~ - ——e o —— e~ o~ -
IJ1 VLD =VSLJ) +3,.¢ (1,J)/a +9,.% (3'J)/8.
N k) =4ei - - -
CALL nssuetr:ns,v.r)
00 332 J=kyN - -—- o ———
332  ClasJI=FJI*H/ 3.
-‘*I{%‘:“’I”Eﬂ*ﬂ" —— v mews s —— . ax . wm o - -
DO 303 J=1,N
333 VDI =VS(II4L.5¥C 1) ~4e 5361333 46.3C L4y )
W(a) =5,1
Caly JESUBITIME .V F} —_——
00 324 J=14N
30k - CU5yJFsF{JIBHE3e - e

Prd spas
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ey

e —

153

(@]

= O

w I

-

<)

167

TF(ICLLELWDELMINY 6D TO 163
IF(e 3% LTOELMINY 50 TN 150
T=ST FOR AALVING H
SMaX =1,
DY 153 J=1,N
TUI) SO0 9d) =4 o 3FM (30 J)+U ¥ 3Ly J) ~e5¥%C(5,J3)/5.
~RRIP=a3SH({F (N
IF(FRROR.GTLEM1AX) 39 1D 155
TE(ZRRUR«GTe SHAX) SMAX=ZRRIR
SONT I =
IF(SAAX L. TIMIN) IC=IC+1
IF(SHAAXGEWIMIN) IC=1
CHESK F3R THIRD ITERATIUN J4ITH IRROR LT EMIN
IF(L2.L2.2) 50 TO 156C
H2=2 4 ¥H
Ic=1
IF(A2.6T. Nl GO TO 1&s
H=H?
FINISA THIS ITERATION
'—10 T) 1":)!.'
HALVE 1
A = 4 9vd
NH = \yH+1
IC = 1
START wR=K TNTIGRATION IJVER
TImT=TIMSC
30 157 J=si19n
VJ) = vSI()
5C ) 11
Uy ATeE ¢ TA3LE
96 1340 J=il.d
VY2V 30U) 2o 5F (014U 40(5,J) ) 42.%0 (444}
Wik) =1.1
CALL ITSUTHITIMFE 4V 4 F)
IC 2)3 J=1ed
C(l,J)=c(J)""H/30
IFG=1
¢ OF RTQUTPED INTEGRATION

nn

H (1)
Wiz}
A {3}

RETIRN

NT
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S SUBRGUTEHE HA4PCHX~ Y BERT HTH  SOELHINGEMAXTNDINTICTSHAGFC T
DIMENSION Y(1) sDERY(1) 4AUX{16420) yH(1}
COMMON IHL¥, ISTEP - .
¢ CHEGK FOR FIRST TIME, IN ROUTINE y
IFtIC.GT.C) 50 O 300 -
313 W2 =H
- N=1 —— s e e e e e e ¢ e e meas ce——— oot
IHLF =)
TIME=X - - - -
60 T0 305
¢ RESTART If INPUT DEL HAS CHANGED - - -
300 IF(4 JNE.W(2)) GO TO 313
- - FF 16 vEQs 2469~ FO—Bh—- -
60 TO 211
305 00 1 I=1,NDIN : e e IR :
AUX(16,1) =0, ;
AUX(15,I1}=DERF (I) - - 3
AUXU1,D =Y 1) |

Biiial e ]

CONPUTATION 0‘ DERY FOR STAITING VALUES

CALL FCT(X,Y,DERY)
00 & I=1,NDIM
AUX(“,I) DERY(I)
COMPUTATION 0F Aauxz2,Id

ISH=zt —- - e e = s e -
GO T3 100

ommw:nncLo-

-]

X=X+H
8649 -Tety NI I~ c— -
10 AUX(2,I)=Y (1)

c INCREMENT H IS TESTED BY Btsscuou
11 FHERSTHLF4] oo o ———
X=X~H

- - T4 I i3I -
12 AUX(4L,I)=AUX(2,1)
- H= S% - . e mi—e m m sm e —- h—— -
N=1
ISH=2 - - - -
GO TO 130
' C e et e tmer . em e . —_—
13 X=X+H
-GALL- FOF {Xy¥,3ERYY - - - - - - -
N=2
BO 14 I=1,NOIM . . - -
AUXL2Z2,1) =Y L]}
1 AUX{Qy HI=BER¥O I — e m - . o o
ISW=3
60-T0 180 -- - - - - e ooo- -

COMPUTATION Or TFEST VALUE OZLT .
5 DELT=3.
-90 15 I22y NI - — — o~ e

-0
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45 —-BEET=3EL AL LS 1) 2ABS O =ALX {4 M) -
DELT=,06h68667 ¥DELT

SHAX=DELT . - -
IFIDELT-EHAX) 19419417

FROIHLF-10Y 11418418

~

v ) O

- —- NG SATISKACTORY -ACCURAGY-ARTER-10- RiSECTIOMS+—ERROR—NKESSAGE., -
3 IHLF =1
- - X=Xt - - - - .- S
GO Tu &

- - —— e o ——————

XTI RO

c THESE IS SATISFACTORY ACCUPACY AFTER LERS THAN 11 BISECTIONS.
25 =Y e
CALL FCT (XsY 4DERY)
- - D20 T MO ——
AUX{3,I) zYLT)
20 AU B BRI T —
N=3
e ESHESe s o e e
60 TO 109

f Tyt
Il bt

N PR TI VU

»

21 N=1 : X
X=XeH . L. -
CALL FCTtX4Y4DERY)
- A=TIHAE- - - ceome . . - - e e
N0 22 I=1,NDIM
AUX(11,I)-ﬂER¥(I) -
22 Y{I) =AU (1,T)+H*(, 375*AUX‘8,I)0.7916667‘AUX(9¢I)
$-.2083333¢AXL1343) 406166607 FDERY(1D)
A=X+H
. . N=N& g e e emmm o ————— - —
CALL FCT (XaY 43ERY)
A(2) =H - . e .-
A1) =IHLF
IC=2 - —_————
RETURN
2k TFEAIN=4) 2542034238 e e o e ————
2% O 26 I=1.NJ1IM
ANYANLIY= YL . . . e e
25 AUXIN+T, T} =DERY{T)
IF{N-3) 27+29,230

LT

RAYAYE ST RS,

n
A

RS IT "

c

27 DO 28-L=1,N03IM. e i e e et et e e
DELT=AUX(9,T)+aUX (3, 1) :
DELT=0ELT4DELT. . .. .o —— A

28 vm-mxu,In.333%333‘H'('Jx(a.11+DELT+Aux(10'In
AT 230 . - ol o e e e e

£ .

23 - D0 34 [~L.231Id fm e
OELT: AUX (9,1} +AUX 110 .3}
OTLT=0CLT#DELT43ELTY.  —~ — n ol L e

e . - ——— . ——n —— = —— ——

38 YII) =AUX (1410 ¢, 375‘“‘tAUK(&.L)*DcLT‘H\UI(llvU)

60.7T0 23 . R - - - —— e e e e e
.
¢ THE FJOLLOWENG -QARY. QE. SUBRQALINI. -HAMRL COMPUIES BY MEANS OF

75
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© € - —RONGA=KUTTA HEFHOB START INS—VALIES FORFHE—— - —sdo |

c PREDICTOR-CORIECTOR METHOD
100 DO 181 I=tsNBIM
Z=K¥ AUX(N+7: 1)
~ RUXtS s =2 - e e
101 Y(I) =AUX (NI )+ .04%Z
c Z -IS AN AUXILIARY - STORAGE LOCATION - - — s ===
c
Z3X4 , 4% :
CALL FCT(Z,Y,DERY)
DO 132 I=tNDIM
Z=H*D3ERY ¢1)
- v - —AUXtE TRy - ¢ e e . .-
i 192 Y(I)= AUX(N,I)* 2969776"‘AUX(2¢I)+.1587595’1 .
; c . P - . R *
23X+ 45573728
CALL FCT(ZyY,3.°RY? - - - -
1 90 1083 I=1,NDI}
' == = PR HA P ERY T —— —— - —_— e
. AUX(7 413 =2
i 133 ¥ =AUX (114320810 907AUXI3y T) =3 ¢2365%AUNE64T) ¢ 3433286587
i c
; Z=X+H . - - - -
CAL), FUYU(Z,Y3ERY)
-t -t e i NBI K- - — - s e e

104 Y{I) =LUX IN,I)¢ 1707603 3%AUK(5,1)= 05510, *AUXIG,I)
“$4+142955363AUKE 7, T 4¢3 711868 HIDIRY(T) SRR e - - -
G0 70 (9713115121)113“
230 - IS¥EP=3 - - - - -~
201 IFIN-8) 204 02"2020‘0
232 -06- 20Z-Na2y?---- - —————————
B0 2033 [=1,N0IN
AUAIN=2,T) = UK (N, I) EENES -
203 AUXIN+D, 1) =AUX (ﬂ"?vlo .

- -N37 rm e m e e e e e m mim e e e - C-— ..

234 N=N+§
- 808-235 =t MPIH - m—— e . —— c- - —_——
AUX{N=-1,Z)=Y (T}
205  AUX{N+H, I}=DERV(IY - R - - .
X=X+t
2us  ISTEP=I{SY¥ER+y . . - C e e e -
DO 207 I=1.N01%
BELT= AL tN~4 «I }§ 13I3T3-- i3 LAUAAN4E5 T 1-2UKANS 60 I3~ RULNGS 3 T+
PAUXIN+Ly I +AUX (N*L,TI)?
C R EDEL T= SHEB108MAUNXEL69T) - -- - - - —el e i
297 AUXE10,T)=0ELT
CALL FCTUX Y9DERY}- - - -= . . LT T
Q0 2)8 I=3,,NCIM
CGELT D0 1250 43 o8 AUNKEN~tx I} =AU ( NoF v T343+ SHS (DERYA E} +AUN- NG T +—
PAUX{NED, I} -AUX {N25,1)))
AUYLE 1692 ¥=LUKL 1649 IV-DELTY - - - - - - B,
208 YOIy =DELT+.576 3801 7‘1\[‘!‘16;1)
DELY =0« © e e e el
00 209 D=1,ND1IM -
263 sl cPELTHAEX{ 36y FISAQSHRURC L6892~ - - o - o e
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e I FADEL T E AL 32404222 22— — - e e
210 CALL FCY(X;Y,)ERY)
16=1 - e o+ e mem e o = e am e ——— - — - - -
W{2) =H
HE1)-=IHLE
RETURN
2+t - IF4IMLF~13)- 215421252812 — — e e e e e o e——
212 $ (1) =IHLF
- PETURAE - e - s e -~ - e e -
215 IF(DELT-.C2¥EMAX ) 216,2191201 :
246 JFLT SLFI—201 92 04yt — - — .- C———— -
217 IFIN-7) 201,218,218
B L & &~ 8- W B B2 L T 8- S T - 2
219 IMOD=ISTEP/2
- — IS Fe R I MO N« I H0D 20192204203 —
220 H=H+H
el R THL R~ - —
ISTEP=(
! -e--00 224 =1 NDIM-— f————— it — —
. AUX(N-1,1) =AU (N-2,1)
AUX{N=2, T)=AUX (N-L,12 - ) - . e -
AUX{N=3,I)=AUX (N-6,T)
BUX{lut6,y I)=AUX (IN+5,1}. - -
AUXE{N+5,T) =aUX (N+3,1)
e e o AUXCN Gy TIANL NI — e e
DELT = AUX (N4+5 413 +AUX(N+5, 1)
DELT=IELT+DELT +DELT .
221 AUX{16+11=8.952963%(Y(I)-AUX(N-3,1))~-3,3064111 ‘H‘(DERY(')#DELT
FHAUX (N+b I3 .. -
60 12 291
222 - THLF=IHLE#L . — - — - . - i i imm i e - e f e e e —
IFSIRLF-10) 223,223,219
223 Mz 5% .. ) . .
I3TEP=0
L0220 I=1.80TM 0 - . o me—
Y(I) =.0039625% (30, 'AUX(N”lgL‘*i3S.'*UX(N°Z I)fQDealUK(N-a'I)O
- FAUXIN=L I)3=01371825%LAUXINES 3 I} -6, PAUXLNAS s I ~RUXINL G I3 2% | __
AUXIN-GyT) =.09397625% (12,35 IX(N=1,114135.,%AUXIN-2,1)+
5108, FAUXIN~3 I} +AUXLN=R4 132 - 0234375% LAUX (NS o I) 418, CAUX{IN$S L T2~
I L FAUYT{N+4, 12 Y *H
AUXIN=-3, I)-AUX {N=2,1} - R
224 AUX(N+L, I} =AUX (N*¢5,])
X=x=H.. s = m—— - C e em mene o s e e 2 —— P
NELT=X-{H+K)
CALL FCT(DEL T4 Y,DERY)L N . s em e e e e et e
D0 225 1=1,i01IH

A st Ak St N & ¥ bt m————— 5e

e AUXIN-24I0Y LI} - - - me e et e .
AUXIN+S,I)=REAVL)
225 . YAXI SAUK SN~ pelboon— - — ————

VLT =DELT-{H+4}
CALL ECTIDEL ToVoDERYL . . . — ol o ol il e e e e
70 226 I=1,N3IM
DELTZAUX (N45 3L  e20{adab, ) - oo oo om0 ool . N e e -
DELT=JELT+DTLY #DELY

ae e WX 1641 =8 0LBRI XL AUYIN= L T3 XL I =3B L1 1L ERE LAUX ARG, I3 40ELT -
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TABLE L
;] =
N =
N =
sl
A&SHFQ-
B -+ WY =
} oo
¢ ! X7 =

HPX -

¥, -
Yt
Ny
Py

- .Z.- ——
7
NZ
NBZ

U LI TR T

n

REMARNK
- REKARK
REMARK
REMARYK
REAAQ\

-

nedodnonaondoanacc adr0adoonon

‘= —SHEROUTINE FAILE ~ N ANSHES — Fo¥. ¥ Fribia NPIrY y Iyt y NPy Zy 2Ty HE T NP Z—
05K~UP RIUTINE FOR *,. .. 3 INDEPENDENT VARIABLES

NUMBER OF INDEPENDENT VAi I4BLES 'ORDER)

1 FIRSY ORuFR X} - R

2 SECOND CHAJER (Xo1)

-~ THEPD OROER- Xy ¥e D} - - — — - - - v ———— -
{DEPENDENT VARIASLE CﬂRRESPO% ING TO INPUTS Xs¥,7)

FABLE OF DEPENDENT #ARISALE GORRESFIHLING FO-ATFy¥ T Z7- ----

UT(I:J,K} INCREMENT SU3SCKIPTS LEFT TC RIGHT UMEN 'QAOING

THE ARGUNENT DR INDIZPENBENT VARIABLS X-- - -

TABLE OF TNDEP. X VALJES {MUST BE IN INCREISING ORDER)

-+ NN —— NUMBER- OF -POINTS  FM ¥ s i e e

MUMBER OF PAINTS (O USF FOR X  INTERPOLATION

THE AQGUMENT OR INNZPENIEMY VARIABLE V- e e et e s me
1ABLE GF INDER, Y wALUES (HUST 3 IN INCQEASING QROE&)
NU#3ER OF POINTS IN VYT - —
NUMIEP CF PUIRNTYS T0 USE FOR Y INTERPOLATION

- FBE- ARGUMENT G2 IRBZPENIENT VAREABEE F+-—— ————————— -

TABLE OF INDEP. Z VALUES (MUST 8t IM INCRE&SINb ORDER)
NUMBER OF POINYS IN 27 .
MUMBER 0% POINTS T USE FOR 2 INTER?OL&TION

1. THTS SUBROUTINE AJLL ACCEPT 1¢¥, ZNG. oR ‘RD ORDER

2a— IF 45T -BRDERS U5 ARG WF e — s e e

3. IF ZND O20CR, USE XT,YY AND WT,
4e TIF 32D ORDERy USE XTsYTV,ZT AND Wi - -- ---
5. ALMAYS USE Jf( vy 9 ) FOR THE TYaBLE OF UEPENDENT VlLBES.

UI";N)IOH XT (NX), *:(Nv).ZTlil).uTiNX.VY,NZ..H(lS),A(iO)
66 F0-t54+v52¢5 33y N - - - - ——— - -~
53 CALL LIXIT (Z,Z‘sNZqNPZ'HINZQHﬂXZ)

52 - CALL LIHIT (Y,¥T-M¥'NP¥vN{N11HAr1) . - - R
- Iz - - - - —_— - = e - - -
k 1=1

S~ s W s YN ST /NAR 'S JSNAY VR0 S G g

45 DO &2 JU=MIKZ.HLtZ
b - BO 42 -I=HINY SHAXY

3 CALL INTERE (2 ’K'XT"'T‘ 1 T13) g AN HPXLMINX JHAXX,H (1))
ANSHER=R{T? - - - - -
IF{NCEGse 1} 50 T 56

3
k
[
!
U2 e = GENEERYE v — e e L el el i
CALL INTERP (2.1.YT,N.N7,NP' MINY, FRXY,&(J))
ANSHE RA$Hd - - - - - - ceee - S
IF(N.EQ.2) 6Q TO 46
Lt CHRT INUS- -- - - — — ce e e
. CALL INYERy t?,L'ZT,A'ﬂZ'NPZ,HIWZ.&&XZ,ANSH’R)
R 1 - - e e e
tr‘o
i
|
i
78
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™

Y TP

JE N — v

————SUBROUTENE I EF —( A FNF SN —THE A ——

26
c
22

THIS SUBROUTINE WILL FIND THc MINIMUM AND MAXIMUM SUBSCRIPTS
{0R RANSE) ¥0 BECONSIDERED FOR-INTERPOLATION.

DIMINSION XT XD

HPA=NP— - - - - - - = - s e -
IFINPXGTLNX) NPX=NX

- - 5825 Fetyie— —————— e

IFIXT(I)=X) 25422421
CONTINUE- - -- - s AR
[ FXIEEXIEEXZZEY RN N N RN AN N N NN XN NI NE NN GRE‘TEQ tH‘" p’tx suescR!PT
MHAXX =N - -
MHINX=NX-NPX+1
RETYRN s — mmmmm o v e e e e e ——— -
EEINEEXIEEEIE YN E RN E R N R XN NN RN N NN N "ITHI" R‘NGE
MINK=I-NPXSR2-— = - - - -
MAXX=MINX+NPX~-1
IF(MMAXX.GT N} GO TO 24
IF(MINX.GE.1) GO TO 26
C e TR FETTSE T TV T s Ty Ty ——HESS--HHAN #IR SUBRSCRIPY - -~
MINX=1
MAXX =NPX
RETURN
0000 e " 283000 0d Bodosvosobisodsosssén NO IN?EQP "ECESS‘R’
MINX=Y
MANNwE - em—mm - — e e et e e et = e — e
RETURN
- END -- . - - .

- —SHBAOUFINE INFERP (0T AT ¥T (NX JNPAFHINN ARy VY - -

AT OOOOO0C OO0

139

310
120
ion

—— e EWE —

DO T 1G-FRIVG KRN -—e - - -

THIS SUBCUTINE PERFORMS & SIMPLE INFERFOLATION.

INPUTS

LMT = t PPOGRAM WILL OETERMINE SUBSCRIPT RANGE (MINX TO MARO.

LMT = 2 PROSRAM ASSUMS THAT MINX ANJ MAXX SUPSCRIPTS ARE XKNUWN.

X APGIHENT OR INDEPENIENT VARIABLE FOR MHICH ANSY - ¢¥Y) WILL
8€ JETERMINESD,

X¥ TABLE OF INDEPENDENT VARIABLES.

YrY TARLE OF DEPENDENT ¢ARIABLES CORRESPONDING YO XT.

NX NUMBER OF POINTS IN XT,vT

NPX NUMBER OF POINTS TO 8F JSED FOR INTERPOLATION.

HMINX HINTNI KT SUBSCRIPT -USED FOR INTERPOLATION,

HAXX HAXINUM XT SUBSCRIPT USI0D FOR _NTERPOLATION.

ouTFYT

\ 4 ANSHER OR DEPENDENY VARIAGLE CORRESPONOING TO INPUT (X),

DIMENSIOK XT {4 %14 YTINX)

IFILMT.EQ.2Y G0 YO 130

CALE--LINET )y FRy i eNPAy NG AR R) - -~ - - meee o e

Y =¥T ( NINX}

IF4NINXEQMALX) 6O TO 108

¥Y=0»

73 129 JHINXe HARX- -

pP=1,

IF(L.20.) GO 0 110

POs £=2T HH-EFED ~XFHID)
CONT LNUE

e
RETURN

b

\
PRI

N [y
Wiy

13 .
ST

Yy
FERITYIP) N RA

il

T

PO SR




Fmﬁ——v——v B MG 2. o

SUSROUTIHE—QSISUE— ~- - -

REAL MACH,KE X

INTEGER SX,TX

COMMON/XXX/VH2 .

COMMON-ZAIR/ HACH; VM, V5,205,450 .QSR,IRHO

COMMON/OTHER2/ THTA,PSI,PHISKE+S+D e iXeTX 9K 59 HAXPT
PPN O W Y N T Y T O RO UF U By B AP S

C .
C ®© COMPUTE DYNAHIC PRESSURE TEIMS .
C% ® 55 %28 % 153 125 5%8%55 3355835533888, 0ss

QS=RHO*YM2¢S .

Qse=Qas*)

QSR=XHO*VH*S*) #)

S REFURN- -—
ENC

- —m e em e e e s e - = e = e

) BUBRAYFINEPLOTHATHF M NLTNSY ————

¢ fLOT 1
s c - =R l—lm‘lt“m&‘ll'—’mmi#m‘m.&l¥$$‘QO“C".W!¥“‘Q'4P‘_07 zg
H c PLOT 32
: O - CSUBRGUTINE PLEF— - - - - - - = - . 40
c PLIT 50
€ - - PURPOSE~ -mmm e mm—— - ¢ e —— e e - - - e PTG
' € PLOT SEVERAL SROSS-VARIABLES VERSUS A BASE VARTABLE PLOT 79
! c - - - - - -—- - - - PLOF 83
' c UBASE PLOT 9¢
c CALL PLOT (A4 Hy MyNL NS) - -
: c PLOT 110
] ‘ - @ - —OESSRIFTION—OF PARAHETERS — - - - -—Pr9¥-128
j ; c A - MPTRIX OF DATA TQ BE PLITTED) FIRST COLUMN Remss\—.urs FLOT 140
4 : ¢ BLST  VARIABLT--AND- SUCTESSIvVE COLUMNS -ARE -THE CROSS- f.OT 153
. c VARIABLES (YAXIMCH IS 9). PLOT 160
‘ c N — NUNBER OF ROw> IN HATREN-A - .- PLOT 17¢
. c M - NUNRER OF COLUMNC IN MATRIX *» (EQUAL YO YHE TOTAL PLLT 189
] ) T - - NUITRVF ¢RI ABLESH T ~MAXEMUM —I5— 4 r—— - — - - -- POT 198-
; c HL - NUMBER OF LINES IN THZ PLOf. IF 4 IS spscrneo. 50 PLOT 200
i € LINSS ARE USED. PLOT 280
1 ! ¢ NS - CODE FOR SORTING THE BASE VARIABLE :nm IR RSCENRING PLOY 220
i c ORDER PLOT 236
i ! c 3 S09TT:6 IS NOT WICESSARY (ALREAUY IN ASCENDING 240
4 € - —eRPER I ———-— - —————m - - - - PLOF 25§~
¢ % SORTINS IS WCCESSARV. PLOT 260
c . ~- c. e - PLOT 279
o REW XS PLGT 280
c- NOKE - - P07 296
‘ PLOY 302
; S f— - SUBKBUTENSS—AHD FUNCTION-SUIPROSRANSREQUIRES~—--———~— -+ - - -PLOT 31 -
i ¢ NO*E PLOT 323
c - - - - - PLGT 338
[ LSFLERICHESY ‘l.‘l‘.l'l!'."'ll.'JO‘QO?VO....I.‘GCG‘OOQODOOU.CO.'.PLO" 3*3
€ - . e e e ame .- -- PLIY 358
DIN NSTON o.mmu.mmn).m (31 JALL) PLOT 370
e e BATAS ANy A NG T AN I AN B I I MG s ANGAS 1T ANGL6 )} v ANG (7 1 < ANS £ 8-
2,4N; (tmn- 2 1A 180, THay 1MX, 240y 1HO, 1HA, me.mc/
-6 -- Ce e — e — e =~ PLOT 380
3 2 FORMAT(SH' .Fu.«.»x,mwn PLOS 400
Z-FORMET (1H -}~ c- - - - -PLOT 410
4 TORMAT(1O0N §-3L567891 PLOT 420
- — 5 FORMATHEET ¢ — —_— e ——— - - 48T #3é
7 FORMAT(. /30X ,* HORTZONTAL AXIS RISOLUTION ¢ OR ~ *4%F11.4/
X3TX¢P¥ERTICAL: K415 RESGLUTION +3R-~ #2110}
A FORMAT (111041 1X «F1245,B4X,F12.5)
,.d c PSS VBV LSEISLESBUAAITEVSEBERLCITF TIPS EPITESCALRRCIRSPSPBTISIPESFILLANES
¢
C — .- s mam @ amm v —— G- - e mt m——— s m—— = aa . —— - -
HLL=NL
C PR e - . PR - - .
IFLRS) 15, 160 1 .
C - . - -
c $JRT SASE VARIASLE 0ATA IN ASGCENDOINS ORDER
G = - e e ————— e s e - - - — e B e e e e e
80




380515 IS4 N - -
00 164 J=14N
e IF (AT IARA I > Ly Ly 2o — *
i1 L=I~N
- - Li=3=N-- - R e e e e e
D0 12 K=1,M
----- - 4=beN—~
LL=LL4N
- e P e m s e e e ———
A (LY SALLL)
12 ASLL =R -
14 CONTVINUE
PENEPY-3 7-17 £ IHVI

c
6 —FEST— N
c. :
16 IFOML200—184—20—— —
18 NLL=50 -
6 - . -
c
29 CONT INUE . -
c -
c FIND SCALE FOR BASE VARIABLZ :
c :
. - XSCAL=(ALN)oAL 130 2LEL OAT (NL o= 333~

c
c FIND SCALE FOK GCROSSeVARIABLES
c
c

M1=N+1

YMINSACMED ¢ o o cm e e =

YMAX=YMIN

M2=4%¥N -

D0 41 J=M1,42
IF(ALUI-YNIN}. 28+26+26 - -
26 IF(A{ N-YMAX) 4D,4i,30
- &8 YMINSA(LY — - - i - 4 L -
60 TO 40
38 YMAX=A{J) - . - - -
46 CONTINUE
YSCAL={YMAX~YHIN2/7103d .3

N
c FING RASE .VARIABLE RRINT PO3ITIJN
C
X8=A{t}_ . . ——
1=1
MY=M-~-1 — - . —
I=1
46 Fofel - o . L - — ——— t c———
XPR=X3+F*#)SCAL
TFALLI<XRRY 56,450,737 . .- e e
C
£- - FIND-.CRISS=VARIABLES. . U
Cc
- --64 3055 IA=LGI0L - - ——e— e
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134
134
152
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OO
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55 Ag¥{ IAi=BLANK -

6C

7¢
8.

AL

33

TFIT EfNel1.0%.I53.MLL) GO TO
QUT(1y=0UT {1 M V=aNG{3)

GO 7O 1982

00 193 I=1,101,10
QUT(I)=ANGI3)

CONT INUS

00 53 J=1,MY

LL=L+J%N
JP=((A(LLY-YMIN)/ZYSTAL)+1.0
QUT(JPI=ANG( N

LINT INUE

IF(I.nNENLLY - GO TO 2ui
IF(YMINGGE «J W) 50 T3 20¢
IF(yMAX.LE.JW) GO TO 209
IZFRJI=~YMIN/YSCAL+L,
QUT(IZERD) =ANG (5)

CONT I NUC

ey
L.

PPINT LINE AN) CLEAR, CR SKIP

WRITIZ(642)XPRy (QUT(IZ) y1Z2=14101)
SR ]

50 TOQ 80

HRITE (6,3}

I=1I+¢1

TF(I-NLL) 65,344,806

XPR=A (N}

GO Tn 59

PIINT CROSS-VARIABLES WNUMBERS

CONY INUE

YPR{1)=YMIN

N0 Ju KN=1,43
YPR(KN*1)=YPR(KN) +YSTAL*10.]
YPR{11i=YMAX

HARITZ (AyB8) YHI(L) ,YPA(11)
WRITZ (647) YSCAL,,XSCAaL
RETIYRN

END




SUBRTYTENE LAGtINPYT; CUTPUTy X vDX s INDEX s FINCONDY
REAL INPUY

NDIMENSION X(1) 40X (1)

NX(IN3EX) =(=X (INDEX) +INPUT) /TIMCON

QUTPYT=X (INDEX)

RETURIN

END

SURRNUTINE SECORDEINPUT,QUT2UT Xy OXy INDEXJETA,HN)
NIMINSION X{1) ,0X (1)

REAL INPUT

WZ2=AN¥HN

DX {INOEX) =X{ INDEX+1)
DX(INIFX+12==2 JFETA*UNEX (INIEX+1) ~W2¥X (INDEX) +H2* INPUT
QUTPUT=X (IMIEX)

RETU?N

END

SUBRJUTINE LIM(INPUT,QUTPUT, XMIN, XMAX)
REAL INPUTY

IF(INOUTGT. X1AX)  QUTPUT=XYAYX
IF(INPUTLT. X4IN}) OUTPUT=XMIN

PETURN

END

SUBROUTINE LIMSTA{INPUT,OUT2UT X3 INyXMAX)
RFAL INPUT

TF(INOUT.GT. X1AX) QUTPUT=IN?YT=XMAX
IFCINPUT. LT, X4IN) OUTPUT=IN2UT=XMIN
RETYIN

TND

SUBIOUTINE JEA0SP {INPUT,0UTIUT .. JHER, UPPER)
PEAL TNPUT
QEAL LOWEP
IF(INPUT «GT.LONERAND, INFUT.LT.UPPER) GO TO {
TF(INPUT.LELLIOWER) GO TO 2
QUT2UT=INPUT ~JPPER
RETURN
2 JUT2YT=INPUT -L OWER
RETYIIN
1 ouTPUT=0.
RETURN
END
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T TSUBROUTINE JETECTINF UG T, OUTPI Ty SL OPETHAXCROTMAXNLOSF OV Y

REAL INPUT
REAL MAXLRO,MAXNLO
IF(ABS{INPUT). GT.FOV} GO TJ 1
SUTPUT=INPUT*SLOPE
IF(ASS(OUTPUT) «GT.MAXLRO) QUTPUT=SIGN(MAXNLO,OUTPUT)
RETURN ) . ) CT o R

1 ouTPUT=Q,
RETURN
END

SUBRJUTINE SYRO2UTEY 3 TGZ o X e IX 3 INOEX,y IX o ITP L ITY WS i
RFAL LY,LZ

REAL IX,ITP, ITY

DIMENSION X (1) 4IX (1)

TYTAG=X(INPSX)

PSIS=X(INDEX +1)

CPG=COS(PSIS)

SPG=SIN(PSTS) 1

CTG=CISITHTAG)

STG=SIN(TKTAG)

P=X({1}

N=xX12)

RR=X{3)

LY=TGY*CPG+TG? ¥*STG*SPG

LZ=TGZ¥CTG Y
5=(P*CT5H-P*3T65) /CPS

QG=-LZ/(PG*(IX=-ITPI+HS*IX)

RG=LY/Z(PG*{I X~ ITY) +HS*IX)

AX{INDEX) =05 /5 P54 PG SPG-N -

! DX (INNDEX+1)305-R*CTH~P¥STS

RETYRN
END

SUBRJUTINE LOLAGTINPUT 4 JUTPIT 4 X 1IX o INDEX,TMCONL,TMCON2)
REAL INPUTY

DIMENSION X(1) 40X (1)
JUTPUT=(X(INDZIX)+TMNCONI*INPIT) /TMCON2

DX {INDEX) =INPUT-0UTPUT

RETIAN

£ND
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